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Abstract

We have examined the locations and radiation patterns of the 

foreshocks to the 4 February 1978 Haicheng earthquake. Using 

four stations, the foreshocks were located relative to a master 

event. They occurred very close together, no more than 6 kilo 

meters apart. Nevertheless, there appear to have been too clusters 

of foreshock activity. The majority of events seem to have 

occurred in a cluster to the east of the master event along a 

NNE-SSW trend. Moreover, all eight foreshocks that we could 

locate and with a magnitude greater than 3.0 occurred in this 

group. The're also "appears to be a second cluster of foresfiocks 

located to the northwest of the first. Thus it seems possible 

that the majority of foreshocks did not occur on the rupture 

plane of the mainshock, which trends WNW, but on another plane 

nearly perpendicualr to the mainshock. plane. This inference is 

supported by differences among the radiation patterns of the 

foreshocks.

We also examined the radiation patterns of the foreshocks, 

primarily through the amplitude ratios of P and S waves (Ap/As) 

recorded at each station. While the ratios were relatively con 

stant at the more distant (A=100-200 kilometers) stations, two 

very different waveforms were recorded throughout the sequence 

at Yingkou (A=20 kilometers). Calculations of the amplitude 

ratios expected from the (not very different) fault plane 

solutions of the mainshock and some of the largest foreshocks 

showed that two different waveforms should be recorded at Yingkou. 

A definite correlation could not be made between the two mechanisms 

and the different location clusters.



1) Introduction

The successful prediction of the 4 February, 1975 Haicheng 

earthquake (M=7.3) was due, in a large part, to the occurrence of 

a large f oreshock sequence of more than 500 events in the four 

days preceding the mainshock (Wu, 1976). Such a large sequence 

is a rare event - indeed, the Haicheng series is the only large 

foreshock sequence to have been well recorded - and we cannot hope 

that many other mainshocks will have such sequences. 

Many large earthquakes are preceded by a few foreshocks (Jones and 

Molnar, 1979) but so far we have been able to recognize them only 

in hindsigl}£.   To increase the number of earthquakes that can be 

successfully predicted, we need to learn how to differentiate 

foreshocks from "normal" earthquake swarms before the mainshock 

occurs and when the shear number of events is not an overpowering 

consideration as it was at Haicheng. But precisely because of - 

its great length, the Haicheng sequence provides a unique opportunity 

to study this problem. The large number of events allows the character 

istics of "this foreshock sequence to be seen more clearly. These 

characteristics could then be compared with those of earthquake swarms 

to the benefit of all people engaged in earthquake prediction research. 

Thus, the first part of the Chinese-American exchange in earth 

sciences has been a study of the Haicheng foreshock sequence resulting 

in this report.

There are two purposes of this research. There is, of course, 

the obvious application to earthquake prediction, attempting to 

determine characteristics of foreshocks that will allow them to 

be recognized before the mainshock occurs. This research also 

has application to the study of the earthquake mechanism, because 

the foreshocks are evidence of deformation of the earth occurring 

prepratory to the complete rupture. For both purposes, we have 

researched two primary characteristics of this foreshock sequence, 

the relative locations of the events and their radiation patterns - 

the latter principally by consideration of the ratio of the ampli 

tudes of the P and S waves. Other characteristics of the sequence 

are studied in another paper (Xu et al, 1979).



2) Data and Techniques

A map showing most of the seismograph stations in operation 

in the Haicheng area during early 1975 is shown in Figure 1. All 

stations had three-component, short period instruments. During 

the two days before the mainshock, the seismographs were operated 

at a speed of 12cm/min. so that arrival times could be read easily 

with an uncertainty of less than 0.1 seconds. The amplification 

of all of the instruments was approximately 10 .

The events were located relative to a master event* This 

event was chosen as master because when it was located using P 

arrivals atr'five stations (all except Lu Da whose clock was suspect), 

its residuals were all less than .03 seconds. P arrivals at four 

stations were used for the relative locations and the origin time 

of each event was assumed to differ from that of the master event 

by the average difference in arrival times of the event and the" 

master. Four locations were found for each event by solving the 

four sets of three equations uniquely; the average was taken as 

the location of the event and the range of values was taken to be 

the error  :- The four stations used were Yingkou, FuXun, Zhuang He 

and Jin Zhou to supply maximum control on the locations.

3) Results of Locations

Although more than 500 foreshocks occurred, most were too 

small to be recorded at any stations except the nearest, Yingkou 

station. We were able to locate 34 events all of which occurred 

in the 26 hours immediately preceding the mainshock. Their locations 

relative to the master event and the errors in these locations 

are listed in Table 1. The relative epicenters are plotted in 

Figure 2.

All of the foreshocks occurred very close together, no more 

than six kilometers apart. The data in Figure 2 suggest that the 

foreshocks occurred in two clusters although it is possible that 

the apparent clustering is due to errors in the data. The majority 

of events appear to have occurred in a cluster to the east of the 

master event along a NNE-SSW trend (labeled A in Figure 2). More 

over, all eight foreshocks that were located and had a magnitude 

greater then 3.0 were located in group A. However, there also



appears to be a second cluster of foreshocks located to the north 

west of the first (lableled B in Figure 2).

The rupture plane of the mainshock upon which most of the after^- 

shocks occurred trend's west-northwest, (Wu, 1976)., not north- 

northeast like the main trend we found for the foreshocks. Because 

of their small size of the events, the fault plane solutions of 

the foreshocks are not well constrained and several researchers 

have determined somewhat different solutions (Figure 3). Never 

theless, all are roughly similar to that of the mainshock

(Figure 3d). However, one can see from the solutions, that fault 

ing aJLong the WNW plane of the mainshock or the NNE plane suggested 

by our fore'shock locations would produce similar fault solutions. 

Fault structures with both WNW and NNE trends are present in the 

Haicheng area. Moreover,- although most of the aftershocks occurred 

in a WNW zone, a few defined a zone of activity trending NNE from 

the epicenter of the mainshock. Thus it seems possible that 

while some of the foreshocks occurred along the mainshock plane

(group B), the majority and the largest of the foreshocks might 

have occurred along a plane roughly perpendicular to that of the 

mainshock.

To further consider this question, we examined the depth 

distribution °f the foreshocks perpendicular both, to the "fore- 

shock plane" (thus, projected along N73°W) and the mainshock 

plane (projected along N28°E) (Figure 4). The most obvious feature 

of these plots is the apparent WNW dip of the NNE plane suggesting 

that the group B earthquakes may have occurred on a deeper part 

of the same plane on which the group A events occurred. However, 

the depths are not well constrained, and in general have errors 

three times as large as the horizontal directions (see Table 1). 

Thus, this apparent result is not dependable. Since the only 

nearby station, Yingkou (A=20km), is located almost due west from 

the foreshocks, this apparent westward dip could be due in part 

to its influence. In general, however, the A group of foreshocks 

appear to be located along a NNE trending, approximately vertical 

plane within a very small depth range and the B group occurs in 

a more dispersed pattern but in the direction of the mainshock 

from the A group.



b) Amplitude Ratios

Since it is often assumed that all of the events within a 

foreshock sequence have the same mechanisms, many researchers have 

examined the question of whether or not the ratio of the amplitudes 

of the P and S waves varies within a sequence (Jin et al, 1976; 

Lindh et al, 1978; Jones and Molnar, 1979; Bolt et al, 1977; Engdahl 

and Kissinger, 1977; Chen et al,1978) with differring results. 

Again, the Haicheng sequence, because of the large number of events 

and stations , provides a good opportunity to study this .question. 

The amplitudes of the P and S waves of the foreshocks in 

the last day recorded at all six stations are shown in 

Figures 5 and 6 (events occurring before the largest foreshock in 

Figure 5 and after in Figure 6). The average ratios and standard 

deviations from them are listed for all stations in Table II.

For all stations except the nearest, Yingkou, the foreshock 

waveforms are very similar and the amplitude ratios relatively con-
V» TTI

stant until the largest foreshock (M=4.7 at-February 4 07 50 ) 

occurred. After the largest foreshock occurred, the waveforms began 

to differ (for example see the two events recorded at Jin Zhou in 

Figure 7a, and two others at Fu X.un in Figure 7b) and the ratios 

became more dispersed (Figure 6).

The amplitude ratios recorded at Yingkou differed even more 

markedly than those at the more distant stations. Through the entire 

foreshock sequence, two definitely different waveforms were recorded. 

One had a relatively large, sharp P wave arrival while the other had a 

much smaller one (Figure 8). Within these two groups, the amplitude ratio 

were relatively constant and stayed so after the largest foreshock 

occurred. It proved impossible to correlate the two waveforms 

at Yingkou with events at other stations. In general, if ari event 

was large enough to be recorded at the distant stations, the 

arrivals at Yingkou were too large and the waveforms were clipped. 

Six events recognizable as small or large P events were located 

(see Table I) but at each of the other stations, only two or three 

of those had amplitude ratios recorded so no reliable comparison 

of radiation patterns recorded at Yingkou and other stations could 

be made.

7



4) Discussion

Since both the locations and amplitude ratios suggest that 

there were two types of foreshock activity, we hoped to find 

a correlation between the two groupings. The obvious assumption 

was that the foreshocks indeed occur on two planes resulting in 

two different waveforms at Yingkou. Unfortunately, while the 

possibility of a relationship between the two phenomena exists, 

the results are by no means conclusive.

The first step was to compare the recorded amplitude ratios 

with.those expected from the fault plane solutions determined 

for the maihshock and foreshocks using the double-couple formula 

of Ben-Menahem et al, (1965) (Table IV). We included the effect 

of the angle of incidence at the surface and instrument response 

but since the velocity structure of the Haicheng area is not 

well known, we could not examine the -possibility of refraction 

changing the angle of incidence. Also, the fault plane solutions 

of the foreshocks and mainshock are not very well constrained so 

there are a range of possible amplitude ratios. The amplitude 

ratios at Zhuang He and Cao He Zhuan were particularly sensitive 

to variations in orientation of the focal planes and location. 

Thus the calculated ratios can be used only as a guide. Fortunately, 

however, at Yingkou where we recorded the two very different 

mechanisms, the calculated amplitude ratios are sensitive to focal 

plane variations but not to changes in location. Of all the fault 

plane solutions determined for the foreshocks and mainshock, the 

fault plane solution for the mainshock (Wu et al, 1976) agreed 

best with the small P values and that for the largest foreshock, 

determined by Gu (1976), was the best fit for the large P events. 

Thus, if the two radiation patterns were the result of two fault planes, 

the Yingkou response would indicate that the large P events 

correspond to the A cluster events and small P to the B cluster.

Several pieces of circumstantial evidence support this sup 

position. As mentioned before, the ratios at the other stations 

were more dispersed after the largest foreshock occurred which 

was when more events were located in the B cluster. As well, in 

determining the fault plane solutions, the station at Lu Da in the 

southwest quadrant was crucial .in determining the exact placement of



the NNE plane. We examined the first motion at Lu Da for several 

of the largest foreshocks and found that while in most cases the 

first motion was dilational (causing the NNE plane to be vertical 

or dip to the northwest), it was compressional (resulting in a 
southeasterly dip) for the mainshock and one B group foreshock 

(no. 34, Table I). Another piece of supporting evidence is that 

all the large P events had S-P times at Yingkou of 2.5 or 2.6 

seconds which is the S-P time of the southern end of the A cluster, 

The S-P times of the small P events, on the other hand, were quite 

dispersed ranging from 2.2 to 2.8 seconds.

In spite of these suggestive data, a direct correlation between 

the mechanisms and the clusters could not be made. The six events 

with definite large P of small P radiation patterns that were 

located do not correlate with the clusters - two each of the large 

P and small P events are in the A cluster and one each in the 

B cluster (Table I). It is possible that the interlocking of the 

planes allows different faulting mechanisms to occur very near 

to each other, but it is also possible that the errors in the data 

have created illusionary relationships.

5) Conclusion

This report has considered the locations and mechanisms 

of the foreshocks of the Haicheng earthquake. The foreshocks 

all occurred within 6 km of each other. It is possible though 

not definite that the foreshocks occurred in two clusters of 

activity, the majority not occurring on the rupture plane of the 

mainshock but on another plane nearly perpendicular to the plane of the 

mainshock. The ratios of the P and S amplitudes was less con 

stant than those of a nearby swarm, especially after the largest 

foreshock had occurred. At the nearest station, two very different 

waveforms were recorded both before and after the largest fore- 

shocks. Thus the P/S ratio does not seem to be an accurate means 

of identifying foreshocks as has been previously suggested. A 

definite correlation could be made between the two mechanisms and 

the different location clusters.



Figure 1. The locations of the Haicheng foreshock sequence and 

the seismograph stations in the Haicheng, Liaoning 

Province area.

Figure 2

Figure 3

The epicenters of the foreshocks to the 1975 Haicheng 

earthquake relative to the foreshock occurring at 

February 03 19 13m , The error bars show the standard 

deviation of the locations. The events shown by open circles 

had a standard deviation greater than 2 km. 

Fault plane solutions determined for the February, 1975, 

Haicheng mainshock (a) and for the foreshocks (b,c,d,e) 

- by Wu et al (1976), (b) , Jin et al (1976), (c,d) , 

Gu et al, (1976), (e).

Figure 4a. The depth distribution of the foreshocks to the 1975 

Haicheng earthquake projected along a plane trending 

N73°W. Closed circles represent events located in the 

A cluster and open circles represent events 

located in the B cluster. Crosses represent events 

with an epicentral error greater than 2 km.

Figure 4b. The depth distribution of the foreshocks to the 1975 

Haicheng earthquake projected along a plane trending 

N28°E. Symbols as in figure 4a.

Figure 5. The amplitudes of the P waves versus the amplitudes

of the S waves for the foreshocks to the Haicheng earth 

quake that occurred before the largest foreshock re 

corded at Yingkou (a), Fu Xun (f), Zhuang He (b), 

Lu Da (d), Cao He Zhuan (e) and Jin Zhou (c).

Figure 6. The amplitudes of the P waves versus the amplitude of

the S waves for the foreshocks of the Haicheng earthquake 

that occurred after the largest foreshock recorded at 

Yingkou (a), Fu Xun (f) / Zhuang He (b), Lu Da (d), 

' Cao He Zhuan (e) and Jin Zhou (c).

Figure 7a. Seismograms for two foreshocks (Feb. 4 10:47 and 10:34)

of the Haicheng earthquakes recorded at Jin Zhou. 

b. Seismograms for two foreshocks (2/4Q9:05 and 16:25) of 

the Haicheng earthquake recorded at Fu Xiin.



Figure 8. Seismograms for two foreshocks (4A 08:16 and 08:31) 

of the Haicheng earthquake recorded at Yinkou,

Figure 9. The epicenters of the Haicheng foreshocks relative 

to the fore shock occurring at February 03 19 13Tnas 

determined using both P and S waves.
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The foregoing text is a direct translation from Chinese of 

a paper that was written in May 1979 immediately upon completion 

of the first stage of the research. The locations were determined 

using only P arrivals from four stations and a simple program 

involving simultaneous equations on a HP~67 calculator. In 

September, 1979, the data (P and S arrivals for five stations) 

was brought to M.I.T. and the events were located using a computer 

program that computes relative locations and standard deviations 

using both P and S waves. These locations are shown in Figure 9. 

The two sets of locations do not differ greatly but some events 

have .shifted enough to make the conjugate fault plane not quite 
as likely. **"

The reader has undoubtedly noticed that no mention was made 

of the mainshock location in this paper. At several of the local 

stations, the arrival of the mainshock was obscured by an after 

shock so it was not possible to locate the mainshock in the same 

manner as the foreshocks. This fall, we relocated the mainshock 

with respect to the largest foreshock using what local data was 

available, data from the Chinese standard network and teleseismic 

data from ISC. We found that the hypocenters of the foreshock 

and mainshock were indistinguishable but the mainshock was definitely 

several kilometers deeper than the foreshock.
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Table II 
Average recorded amplitude ratios and standard deviation

Before the largest 
foreshock

After the largest 
foreshock

Ratio 
error

JRatio 
error

Yingkou
Big P Small P
0.30
0.10

0.35
0. 04

0.08
0.04

0.06
0.03

Fuxun

0.36
0.12

0.35
0.14

Zhuang 
He

0.28
0.14

0.31
0.19

Luda

0.20
0.10

0.26
0.07

Cache zhuan

1.01
0.17

1.03
0.28

Jinzho

0.11
0.07

0.12
0.10

Table III 
Calculated Amplitude Ratios

No. Earthquake Calculated Amplitude ratio Ap/As at Notes

1 Mainshock

2 Foreshock

3 Foreshock .

4 Foreshock

Yingkou

0.11

0.47

0.17

0.15

Fuxun

0.53

Zhuanghe

2.47

0.24

0.50

0.53

0.92

0.35

0.38

i

Luda |Caohezhuan

0.36

0.38

0.76

0.75

0.22

0.22

'+

1.22

1.48

Jinzhou

0.03

1.14

0.19

0.07

Using fault
plane solution
and location
of Gu (5)

Using fault
plane solution
and location
of Wu (1) for
composite of
foreshocks

Using fault
plane solution
and location
of Gu (5) for
largest fore-
shock

Same as No. 3
but located
shifted 3km to
west, 2km to
north and 2km
deeper
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ABSTRACT

This paper presents the results of a detailed study of an 

intermediate depth earthquake beneath southern Tibet (September 

14, 1976; 06 h 43 m 51.6 s; 29.81°N, 89.57°E; focal depth 

90±10 km; mfa = 5.4). From the differences in arrival times of P, 

pP, and sP and from Rayleigh wave spectral densities the focus is 

estimated to be at depth of 90±10 km and therefore in the 

uppermost mantle. From the polarities of the first motions of P 

waves, inversion of the relative amplitudes of P, pP, and sP and 

synthesis of their waveforms, the source mechanism is constrained 

to be predominantly normal faulting with the T-axis approximately 

horizontal and trending east-west. This mechanism is similar to 

those of shallow earthquakes in Tibet. The occurrence of an 

earthquake at depth of 90 km is consistent with rapid deformation 

at a temperature of about 700 to 800°C in the mantle beneath the 

Tibetan crust. The seismic moment of an equivalent double couple
n\,

point source is estimated to be about 9 x 10 ^ dyne*cm (with an 

uncertainty factor of 1.3) from the sP amplitudes in the period 

range near 10 sec, and 5 x 10 dyne*cm (also with an uncertainty 

factor of 1.3) from the spectral density of Rayleigh waves with 

periods of 50 sec.



INTRODUCTION

Intermediate and deep focus earthquakes are typically 

associated with the subduction of oceanic lithosphere and rarely 

occur beneath continents. Although intermediate depth 

earthquakes in the Hindu Rush, the Carpathians, Burma and the 

deep Spanish earthquake of 1954 are good examples of such events 

beneath continents, they are generally considered to be evidence 

for sinking slabs of oceanic lithosphere from a past subduction

zone [e.g., Chatelain et al., 1980; Chung and Kanamori, 1976;
I* 

Isa£s and Molnar, 1971; Roecker et al., 1980], Presumably,

material at intermediate depths can be strong enough to support 

the stresses needed to cause earthquakes only where cold 

lithosphere is subducted into asthenosphere.

The hypocenter distributions and fault plane solutions of 

deep and intermediate earthquakes have been used extensively to 

study the state of stess in subducted oceanic slabs [e.g., Isacks 

and Molnar, 1971]. Nevetherless, controversy remains about the 

physical mechanisms of these earthquakes. Do they result from 

deformation processes analogous to brittle failure or stick-slip 

of earth materials as observed in laboratory experiments or from 

some other physical processes? In order to answer these 

questions, studies employing more sophisticated methods of source 

analysis than presently available may be needed.

In this study, we present seismic evidence of an earthquake 

with a focal depth of about 90 km beneath southern Tibet where 

active subduction of oceanic lithosphere presumably ceased 

several tens of millions of years ago [Molnar and Tapponnier,



1975]. To our knowledge this is the first study of an earthquake 

which occured at an intermediate depth but cannot be directly 

ascribed to the subduction of an oceanic slab. An earthquake 

taking place under such circumstances provides an unique 

opportunity to study the stress regime deep in the continental 

lithosphere.

An understanding of the high Tibetan Plateau, north of the 

Himalayan moutain belt, is critical to an understanding of the 

relationship between the continental collision between India and 

Eurasia beginning 40 to 50 m.y. ago and the active tectonics of 

much of Asia [Dewey and Burke, 1973; Molnar and Tapponnier, 

1975, 1978], South of the Tibetan Plateau, deformation seems to 

occur primarily by low-angle underthrusting that is presumably 

responsible for the high moutain ranges of the Himalaya [Fitch, 

1970; Molnar et al. f 19773. Large left-lateral strike slip 

faults extend eastward across China from the northern and 

northeastern boundaries of Tibet, In the plateau itself, 

however, the active deformation takes place primarily by 

widespread normal faulting with an approximately east-west 

trending T-axis [Molnar and Tapponnier, 1975, 1978; Ni and York, 

1978], It is particularly interesting to note that the active 

normal faults extend south of the suture into the high Himalaya 

so that the boundary of the Tibetan plateau, as defined by its 

present tectonics, appears to have grown in that direction 

[Molnar and Tapponnier, 1978]. The epicenter of the earthquake 

of September 14, 1976 was approximately 50 km north of the Indus 

Tsang-Po suture and 300 km north of the Himalayan main boundary



fault (Fig. 1).

Seismicity in Tibet is quite scattered. The focal depths are 

not well determined because in the absence of a local seismograph 

network these events have to be located teleseismically, 

resulting in a strong trade-off between the focal depth and 

origin time. The frequent observation of large short-period 

Rayleigh waves on the short-period seismograms of the World Wide 

Standardized Seismograph Network (WWSSN) [Chen and Molnar, 1975] 

suggests occurrence of very shallow earthquakes.

In the following sections, we present the methods used to 

constrain the focal depth and source mechanism of the September
y

14, 1976 earthquake. We show that this earthquake occurred in the

upper mantle at a depth of 90 km and was caused by a normal
r 

faulting with an east-west trending T-axis. The occur^nce of an

earthquake at such depth has important implications for possible 

modes of deformation at high temperatures and pressures. The 

source mechanism is similar to those obtained for shallow 

earthquakes in Tibet and may represent the general style of 

deformation in the region.



DATA AND ANALYSIS

We examined the WWSSN seismograms available for this 

earthquake and selected those with signal to noise ratios 

adequate for quantitative analysis. The velocity structure used 

both in the surface and body wave analysis (Table I) was based on 

the S wave velocity model SE of Chen and Molnar [1980], This 

model indicates a 70 km thick crust beneath Tibet. The P wave 

velocity was assumed to be 1.73 times that of the S wave velocity 

(Poisson f s ratio of 0.25) except for the Pn velocity which was 

measured independently by Chen and Molnar [1980], Below 90 km, 

where few observational constraints are available, the density 

and the P and S wave velocity structures were extended using 

Gutenberg's continental model [Dorman et al., 19603.

1. Differential Travel Times Between Direct P Waves and Depth 

Phases.

The body wave magnitude (m b ) given by the International 

Seismological Center (ISO for this event is 5.4. Earthquakes of 

this size are marginal for first motion studies because, in 

general, their direct P phases are obscured by microseismic 

noise. For this event the observed P phases are especially weak 

because" most of the WWSSN stations seem to be "near node's of the 

radiation pattern. One later phase which we identified as the sP 

phase, however, can be clearly observed on many long-period and 

several short-period seismograms. The travel time difference (Si} 

between P and sP is about 38 sec. Another apparent depth phase 

(pP) which arrives with a 5~T of about 27 sec can be also



recognized. Examples of the original seismograms are shown in 

Figure 2. The measured differential travel times are summarized 

in Table II.

A focal depth of 90 km is consistent with both a 28 sec 

travel time difference between P and pP (£T pP-P) and a 38 sec 

travel time difference between P and sP (£T sP-P), assuming 

vertical ray paths and an average crustal velocity corresponding 

to model SE. If the crustal thickness were 80 km instead of 70 

km, with the same average crustal velocity, these differential 

travel times would indicate a focal depth of 85 km. In an 

extreme case in which the values of £T sP-P are systematically 

overestimated by 2 sec and the average crustal velocity is 

overestimated by 5% the focal depth could be as shallow as 75 km 

with the source located at the bottom of the crust. On the other 

hand, the assumption of vertical ray paths causes an 

underestimate of the focal depth by a few kilometers. Thus, given 

the uncertainties in both the differential travel times and the 

velocity structure, we conclude that this earthquake occured in 

the uppermost mantle with a focal depth of 90±10 km.

This conclusion is based on the assumpion that the apparent 

depth phases were correctly identified as pP and sP. In sections 

4 and 5 we shall show that the polarities and amplitudes of the 

assumed pP and sP are consistent with those of the direct P 

arrivals.

2. Fault Plane Solutions From P Wave First Motions.

Figure 3 shows a range of possible fault plane solutions



which satisfy the observed P wave first motion polarities. The 

projections of the rays onto the focal sphere are based on 

take-off angles calculated from the P travel time tables of 

Herrin [1968] for a source located in the upper mantle. Whenever 

possible, the short-period seismograms were used to pinpoint the 

exact arrival of the P wave; long-period seismograms were used to 

determine the polarity of the first motion. The P arrivals at 

stations close to the nodes, e.g. JER and HKC, show oscillations 

which are not observed at the non-nodal stations. These 

oscillations may result from small precursor with slightly 

different orientation than the main event. (The polarity of 

reflections from the bottom of the crust or of converted phases 

due to impedance contrasts below the source would be inconsistent 

with the observed polarity of the slightly delayed arrivals.) 

Stations which display this oscillating behavior are marked as 

nodal or as uncertain readings in Fig. 3.

In the fault plane soulution, one nodal plane is fairly well 

constrained with a strike of 190° and dip of 57°W. To parametrize 

the solution, we can treat this plane as the fault plane without 

loss of generality. The slip angle in this plane is constrained 

to be between 232° and 270° indicating a large component of 

normal faulting. In order to further constrain the source 

mechanism we must use information contained in the amplitudes of 

the individual P phases. In subsequent sections we shall refer 

to the results of the first motion analysis as solution 1 and 

that of the following moment tensor inversion and waveform 

modelling as solution 2 (Table III).
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3. Rayleigh Wave Amplitude Spectra.

An obvious indication of the depth of this event is the lack 

of Rayleigh waves with periods less than 20 sec on almost all the 

WWSSN long-period seismograms (Fig. 4). Not surprisingly, no 

surface wave magnitude was assigned by the ISC. Tsai and Aki 

[1970] demonstrated that in the period range of 10 to 50 sec, 

where the Rayleigh wave attenuation is nearly independent of 

period, the Rayleigh wave excitation depends mainly on the 

properies of the source. In particular, they showed that the 

shape of the Rayleigh wave amplitude spectra could be used to 

determine the focal depth without exact knowledge of the 

attenuation coefficient.

Thirteen WWSSN vertical component seismograms with visible 

Rayleigh wave signals of 50 sec period were digitized in the 

group velocity window of 2.8 to 4.0 km/sec. The amplitude spectra 

in the period range of 10 to 50 sec, with the effect of 

instrument response removed, are shown in Figure 5. Because we 

are only interested in the shapes of the amplitude spectra, the 

spectra were not corrected for attenuation. The spectra show a 

rapid decrease toward the short periods although periods less 

then 20. sec appear to be somewhat contaminated^by short-period 

noise (probably due to higher modes) which is clearly visible on 

the seismograms (Fig. 4).

Tsai and Aki [1970] discussed in detail the possible effects 

of various source and propagation parameters on the determination 

of source depth from Rayleigh wave amplitude spectra. In our 

case, the assumption of a point source is a good approximation



considering the small magnitude of this earthquake. Since a 

duration of far-field source time function of 2.6 sec gives 

satisfactory results for the synthetic P waveforms (section 5), 

the effects of the source time-function on the surface wave 

spectra are negligible. The numerical experiments of Tsai and 

Aki [1970], which explored the effects of different velocity 

structures, indicate that errors due to an uncertainty in our 

knowledge of the crustal and upper mantle velocity structure 

beneath Tibet should be small.

We examined the effects of the different fault plane 

solutions obtained in this study (Table III) and found that 

adopting different solutions had a negligible effect on the shape 

of calculated Rayleigh wave amplitude spectra between 10 and 

50 sec for a source depth around 90 km. Figure 5 shows that 

within the range of possible focal mechanisms the principal 

factor affecting the shapes of the spectra is the depth of the 

focus. It is clear that a source depth of 45 km will not fit the 

observations. The best overall fit was obtained for a source at 

a depth of 90 km, but the observed Rayleigh wave amplitude 

spectra between 20 and 50 sec cannot constrain the depth better 

than ±10 km.

From the observed amplitude spectral densities at the 50' sec 

period the seismic moment is estimated to be about
2.'4

5 x 10 ' dyne*cm with an uncertainty factor of 1.3 estimated from 

the scatter of data (Fig. 6). In the moment calculation we have 

assumed the fault plane solution 2 at 90 km depth and an 

attenuation coefficient of 1.5 x 10~^ km""1 [Ben-Menahem, 1965; Tsai
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and Aki, 1970], Other combinations of possible source depths 

from 85 to 95 km and fault plane solutions shown in Table III 

also give seismic moment between 5 and 6 x 10 dyne*cm and an 

estimated uncertainty factor of 1.3.

4. Seismic Moment Tensor Inversion of P Wave Amplitudes.

Since the fault plane solution obtained from P wave first 

motion polarities alone is not tightly constrained, the 

amplitudes of the P phases are employed to provide additional 

constraint on the focal mechanism.

The response of an elastic body to an arbitrary static 

seismic moment tensor at a point source can be found by 

differentiating the Green's function with respect to the source 

coordinates. Suppose we have a force couple at the source 

position 5 with the force pointing in the 1 direction and the 

moment arm pointing at the ^ direction. (This corresponds to a M,-j 

term in the moment tensor.) If the Green's function 

Gn j ( *> 1 > t) is known, where £ is the receiver position and t 

i~s the time, then the displacement response u^ at % in the n 

direction, due to Mj: , is simply

M.. c) /  . / ,- , \
.',] ":>4 

For a given set of observed displacements u, M,-j can be found by

applying the linear inverse operator ( J^r Gn\ ) .

Recently, Fitch et al. [1980] developed an inversion to 

obtain the static seismic moment tensor from the amplitude of 

body waves. We briefly review the procedures. The problem is
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simplified by equalizing the amplitude data onto the focal sphere 

and simply using the inverse operator of the elastic response for 

a whole space to perform the inversion. Usually body wave data 

are deconvolved in the time domain to remove the instrument 

response and attenuation effects. The amplitudes of identified 

P, pP and sP pulses are then corrected for geometrical spreading 

from empirical amplitude-distance curves and for reflection at 

the free surface over the source region. Finally, these data are 

projected back onto the focal sphere using take-off angles 

determined from standard travel time tables. Expressions for the 

elastic response on a focal sphere due to a point seismic moment 

tensor can be found in McCowan [19773.

If we assume that the principal stress axes of the various 

moment tensor components are coincidental, the moment tensor 

obtained can be uniquely decomposed into a volumetric component: 

the monopole; and two non-volumetric components: the double 

couple and the compensated linear vector dipole (CLVD) [Knopoff 

and Randall, 1970]. Physically, the monopole may be related to 

an explosion or implosion, the double couple to a shear 

dislocation and the linear vector dipole (combination of the 

monopoLe and the compensated linear vector dip.ole) to .a tension 

crack. The interpretation of the moment tensor in terms of 

physical mechanism, however, is not unique.

Since for the event of September 14, 1976 the depth phases 

are well separated from the direct P phase and from each other, 

deconvolution in order to obtain their uncontaminated amplitudes 

was not necessary; we simply measured the peak amplitudes of P,
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pP and sP with a digitizing table. Records from long-period 

WWSSN stations within the distance range of 30° to 80° and with 

good signal-to-noise ratios for at least one of the P phases were 

used (Table IV). The amplitudes of pP and sP were corrected for 

conversions at the free surface using reflection coefficients 

calculated for free surface P wave velocity of 6 km/sec and 

Poisson f s ratio of 0.25. The angles of incidence at the surface 

were calculated for the same ray parameter as the take-off angles 

[e.g. Richter 1958], The source was assumed to be in the upper 

mantle.

Because several stations had rather low direct P 

signal-to-noise ratio, we performed the inversion using the L1 

norm [Clejarbout and Muir, 19731. The L1 norm, in addition to 

being less sensitive to errors in the data, allows incorporation 

of first motion polarities into the inversion. [Fitch et al., 

1980], The moment tensor resulting from the inversion of the 

amplitude data and first motion polarities has 32.6$ double 

couple, 55.8% CLVD and 11.75& monopole components. The 

orientation of the double couple component corresponds to a fault 

plane solution with <£ = 232°, <T = 64° and >= 318° (Fig.8). On 

the other hand, if the source is constrained to be a double 

couple [Strelitz, 19783, the solution of the least squares 

inversion (L2 norm) of the amplitude data gives the source 

orientation with £ = 215°, cf= 52* and *= 292C (solution 2b, 

table IV). Inspection of the residuals from these two different 

approaches does not reveal which data are responsible for the 

large CLVD component obtained from the unconstrained inversion.
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This leads us to suspect that the large non-double couple 

component may be an artifact due to insufficient coverage of the 

focal sphere.

To further investigate this possibility, we extended the 

data set by adding first motion polarities reported in the ISC 

Bulletin for 9 stations located north of the source region in the 

U.S.S.R.. The solution of the unconstrained inversion using this 

extended data set has 94.2% double couple and only 1.1% CLVD and 

4.7% monopole (solution 2a, Table IV). The orientation of the 

double couple component of this solution is <£ = 216°, J"= 55° and 

* = 295°, almost identical to the solution of the constrained 

inversion.

In order to investigate the sensitivity of the solution to 

changes in the medium parameters we corrected the free surface 

reflectedions by assuming a near surface P wave velocity of 

5 km/sec (instead of 6 km/sec); the unconstrained inversion of 

the extended data set gives a solution in which the nodal planes 

for the double couple component remain essentially unchanged, but 

the moment tensor has 83.8% double-couple and 8.9% CLVD and 7.3% 

monopole components. On the other hand, if the take-off angles 

are adjusted by increasing the velocities in the source region by 

4%, the resulting solution approaches a pure (96.3%) double 

couple with only 2.7% CLVD and 1% monopole and the same 

orientation as before.

As we have demonstrated, there is no convincing evidence for 

large departure from the double couple mechanism. Furthermore, 

systematic errors arising from the assumptions involved in the
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moment tensor analysis as well as the quality and size of our 

data set preclude an accurate 'measure of the non-double 

couple components. The most important result of this analysis is 

the knowledge of the orientation of the P f T and B axes in the 

source region. All the inversions of our dataset discussed 

above, resulted in essentially same orientations of these axes. 

The double couple fault plane solution corresponding to these 

axes (solution 2) is similar to the solution 1 ( > = 270°) based 

only on the first motion data, indicating predominantly normal 

faulting mechanism. A fault plane solution with large right 

lateral strike slip component, similar to the 

solution 1 ( * = 232°) is clearly not consistent with the 

amplitude data.

5. Waveform Matching of P phases.

In this section we shall use waveform modelling to further 

investigate the source mechanism of the September 14, 1976 

earthquake. Synthetic seismograms provide visual means for 

displaying the sensitivity of the solution to variations in 

different parameters. In contrast to the moment tensor inversion 

they al-low use of stations with low signal-to-.rw>ise ra.tio but 

which can stil qualitatively provide constraints on the solution.

The body wave seismograms are sensitive to the details of 

the crustal structure because of their high frequency content. 

Large impedance contrasts over a short depth range can produce 

reflections and phase conversions which can be seen on the 

seismograms. It is therefore important to find a proper
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approximation to the crustal structure in the vicinity of the 

source. In our case we want to model only amplitudes and 

polarities of P, pP, and sP and thus we must be particularly 

careful about the choice of take-off angles at the source and 

incidence angles at the free surface. Because there are large 

differences in impedance in the immediate vicinity of the source 

and near the free surface, a homogeneous halfspace model is 

inadequate. One approach would be to directly introduce a 

layered model and calculate the response of the medium using 

Haskell f s algorithm. This technique will give correct take-off 

angles and the incidence angles at the free surface, if the 

velocities of the top layer and the layer containing the source 

are properly specified. A discreetely layered model, however, 

has two major drawbacks: 1) a smoothly varying structure must be 

approximated by a large number of layers, and 2) unless the layer 

parameters are well determined, the discreet impedance boundaries 

between the layers cause phase reflections and conversions which 

add undesirable noise to the analysis.

An alternative approach, which we also followed in the moment 

tensor inversion, is to calculate the take-off angles for P, pP 

and sP for the medium parameters in the immediate vicinity of the 

source and then to correct the pP and sP only for the free 

surface effect with appropriate physical parameters of the medium 

near the free surface. The crust between the free surface and 

the source can be substituted by an average crust influencing 

only the travel times. This approximation is equivalent to a 

smoothly varying crustal structure in which rays refract but do
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not loose energy due to internal reflections and conversions. In 

the absence of both a detailed knowledge of the crustal structure 

in the vicinity of the September 14, 1976 earthquake and large 

internal crustal reflections visible on the seismograms the 

second alternative appears to be more appropriate for our 

problem.

The method used to calculate the theoretical seismograms was 

adapted from Langston and Helmberger [19751 and Kanamori and 

Stewart [19761. We have incorporated the physical parameters of 

the medium near the free surface in the reflection coefficients. 

We assume that the source acts as a pure double couple. The 

P-wave vertical seismogram at the receiver is given by the 

following equation

where f , <x and fl are respectively the density, compressional

and shear velocities in the source region and o(l and /3l the

compressional and shear velocities near the free surface. r| y

is defined by ( - -. ) 2 ; the ray parameter > is constant

for a given station.
? pSV
K and f< are the radiation patterns of P and SV 

expressed by
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-f*

where a f s, defined by Bouchon [1976], are functions of only

source orientation.
   P? -r<-£? 
il and 11 are coefficients of P to P and S to P

reflections at the free surface and can be written in the 

following form (derived from Richter [1958])

If

The terms M0 , G, A, C, I and S are, respectively, the 

seismic moment of the double couple, geometrical spreading, 

attenuation operator, free surface effect at tb.e receiver, 

receiver response and source time function. Finally, 

H(t - A tt 12) ) is Heaviside step function delayed by A t^^, 

the time delay of pP (sP) relative to the direct wave.

Following the procedure outlined above we generated 

synthetic seismograms for several stations representative of 

those used in the seismic moment tensor inversion of section 4
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The structure in the source region was specified by following 

parameters: o( =8.12 km/sec, fi = 4.8 km/sec, 

§ = 3.365 g/cm3 , o(l = 6.1 km/sec and /Si = 3.53 km/sec. The 

receiver region consits of a half space with P wave velocity of 

6.1 km/sec and Poisson's ratio of 0.25. The correction for 

geometrical spreading in the mantle (G) and the ray parameter 

(>p ) appropriate for each station were determined from the P 

travel time tables of Herrin [1968], A causal attenuation 

operator with t* (travel time/quality factor) of 1 sec was used 

in all calculations. Because the earthquake was sufficiently 

small to be approximated by a point source, only one source time 

function, independent of the distance and azimuth between 

earthquake and receiver, was required for all three P phases. 

The far-field source time function was a box car of 2.6 sec 

duration.

In section 1 we have shown that the observed time delays of 

pP and sP relative to the direct wave are consistent with an 

earthquake hypocenter located at a depth of 90 km in the mantle 

below the Tibetan crust. Since it would serve no further purpose 

to recalculate the travel times we introduced the observed time 

delays .directly into the synthetic seismograms-r.

The digitized records and the corresponding synthetic 

seismograms are shown in Fig. 7. All of the observed wave forms 

were normalized to an instrumental peak magnification of 3000 

while the synthetic seismograms were scaled to the largest phase 

seen in the observed waveforms. The best overall match between 

the observed and synthesized seismograms was achieved for a
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source orientation given by solution 2b. For the seismograms 

shown, the ray parameter ^ was increased by 4$ relative to the 

value based on Herrin ! s tables.

We consider the agreement between the observed and 

synthesized waveforms to be very good except at DAY where the 

observed P/sP ratio is especially small. The sesmic moment at DAY 

determined from the sP is twice as large as those from other 

stations. This indicates that an anomalously large sP amplitude 

is responsible for the discrepancy between the observed and 

synthesized waveforms. Although one cannot rigorously rule out 

unusual source or structural effects, in this case the 

anomalously large sP amplitude at DAY is probably due to the high 

noise level at the station. The signal and noise at DAY have 

similar frequency content and can therefore constructively 

interfere to produce the anomalous amplitude reading. Because 

station SNG lies at a distance of about 25° from the epicenter, 

the observed waveforms may be affected somewhat by the upper 

mantle structure. In absence of other good data from similar 

azimuth, we include this station for qualitative comparison.

We have calculated synthetic seismograms for four 

representative stations using also the other nrotlels di-stiussed in 

the previous sections in order to display the sensitivity of our 

prefered solution to variation in different source and medium 

parameters. Seismograms a through d in figure 8 were calculated 

for the solutions 1 ( > = 232°), 1 ( * = 270°), 2a and 2b, 

respectively, using cxl = 6.1 km/sec for the q nrfu!Lr. n compressional 

wave velocity near the free surface; seismograms e were obtained
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using solution 2b and #1 = 5.0 km/sec. Seismograms f, the 

prefered solution, were calculated using solution 2b with 

cu = 6.1 km/sec, but the ray parameter was increased by %% . 

Clearly, solutions 1 ( > = 232°) and 1 ( x = 270°) based on only 

first motion data are not consistent with the observed amplitude 

data. The assumption of 5.0 km/sec for the &  » ' r.*».* compressional 

wave velocity near the free surface degrades the match. 

Solution 2b is slightly better than solution 2a but the 

differences are not significant when we consider uncertanties in 

the assumptions involved in calculation of the synthetic 

seismograms. The average seismic moment calculated by scaling 

the synthetic seismograms to the largest phase in the observed 

wave form is 1 x 10 25 dyne*cm with an estimated uncertainty 

factor of 1.7. If we, however, ignore the anomalously large sP 

amplitude at DAY, the average moment is about 9 x lO1^ dyne*cm 

with an uncertainty factor of 1.3. This value is in reasonable 

agreement with the seismic moment of 5 to 6 x 10 2L< dyne*cm 

estimated from the Rayleigh waves.
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TECTONIC IMPLICATIONS 

Normal Faulting at Depth

The epicenter of the earthquake of September 14, 1976 is 

about 50 km north of the suture where active subduction 

presumably ceased several tens of million years ago. The fault 

plane solution not only is very different from low-angle 

underthrusting, characteristic of earthquakes in the Himalaya, 

but is also difficult to fit into a simple scheme of a sinking 

slab or bending lithosphere. Therefore, although the earthquake 

may have occured in material that was once an oceanic 

lithosphere, its occurrence probably should not be taken as 

evidence for an actively sinking slab.

The approximately east-west trending T-axis is similar to 

the active normal faulting observed near the surface of Tibet. 

Since we studied only one event that occured in the mantle, it is 

risky to draw any firm conclusions about the style of deformation 

between the surface and this depth. If this event is 

representative of the deformation of the lower crust and upper 

mantle of Tibet, it suggests that the small amount of active 

east-west extention that occurs at the surface also occurs at 

depth.

Implications For the Temperature in the Mantle Beneath Tibet

Chen and Molnar [1980] suggested that the average 

temperature of the uppermost mantle immediately beneath the 

Tibetan Mono is likely to be about 250°C warmer than beneath 

stable platforms and shields [also see Chen et al., 1980], Thus
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the uppermost mantle temperature beneath Tibet could be about 750 

or 800°C if that beneath the stable platforms and shields is 

about 500°C [Sclater et al., 1980].

To the best of our knowledge, the deepest intraplate 

earthquakes occur in periodic swarms about 60 km beneath the 

sumit of Kilauea in Hawaii [Eaton, 1962] and presumably are 

related to volcanic activity there. Using a cooling plate model 

for the thermal history of the oceanic lithosphere [Parsons and 

Sclater, 1977]t the temperature at 60 km depth in a 100 m.y. old 

oceanic plate can be estimated to be about 750C C. A possible 

anomalously high rate of non-conductive heat transport from the 

ashenosphere might increase -this temperature estimate somewhat. 

Morover, thermodynamic data indicate that the solidus for 

basaltic material under water saturated conditions (the lower 

bound of the solidus) is about 700°C at 20 kb corresponding to 

60 km of lithostatic load [e.g., Merrill et al., 1970], Thus 

even if magma exists at that depth, the temperature at 60 km 

beneath Kilauea should be at least 700°C. This suggests that 

earthquake activity can occur in mantle materials at temperatures 

near 750°C if there are sufficient stress differences at these 

depths,.

The flow laws for olivine obtained from laboratory 

experiments [e.g., Goetze, 1978] indicate that at a strain rate 

of about 8 x 10"! sec" 1 , (100% strain over the past 40 m.y. 

since the onset of the continental collision between India and 

Eurasia) only 1.1 to 0.43 kb of differential stress are necessary 

to maintain steady state dislocation creep of olivine at
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temperatures of 750 to 800°C,respectively [Chen and Molnar, 

I960]. This estimate is very crude because of uncertainties in 

the activation energy and temperature. On the other hand, 

occurrence of an earthquake at 90 km beneath Tibet, indicates 

that deformation processes analogous to stick-slip observed at 

much lower P-T conditions in the laboratory are possible even at 

temperatures over 700°C and pressures of 30 kb, unless we have 

grossly over-estimated the mantle temperature or unless the 

source region is anomalously cool compared to the average 

temperature at that depth.
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CONCLUSIONS

From the differences in arrival times of P, pP, and sP and 

from the shapes of the Rayleigh wave amplitude spectra the focal 

depth of the intermediate depth earthquake of Septempber 14, 1976 

in southern Tibet is estimated to be 90+10 km. The first motion 

polarities of P waves, inversion of the relative amplitudes of P, 

pP, and sP and matching of their waveforms with synthetic 

seismograms indicate predominatly normal faulting source 

mechanism with nearly north-south striking nodal planes. The 

seismic moment of an equivalent double couple source determined 

from the spectral densities of 50 sec Rayleigh waves and 

amplitudes of the sP phases is 5 x 10 ZL| and 9 x 10aL| dyne*cm, 

respectively. Both estimates are uncertain to about a factor of

1.3.

The essentially east-west trending T-axis is consitent with 

the active extention observed near the surface. If this event is 

representative of the deformation in the Tibetan mantle, then a 

small amount of the east-west extention also occurs at depth.

Since the average temperatures in the uppermost mantle 

beneath Tibet and 60 km beneath Hawaii could be 700 to 800°C, the 

occurrence of earthquakes in both regions indicates that rapid 

deformation can occur at these temperatures and at pressures over 

20 kb.
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Table I. Seismic Wave Velocity Structure 
Used For Tibet(Model SE)

Depth (km) S wave velocity P v/ave velocity density (g/cm^) 
__________('B :  (km/sec)____(*a )_(km/sec)________________

0-3.75 2.55 4.41 2.41

3.75-45 ' 3.4 5.83 3.0

45-70 3.7 6.4 3.32

70-90 4.8 8.12 3.365

90-100 4.41 8.02 3.38

S'r



Table II. ? Wave Travel Tine Differences Between the 
Direct and Depth Phases at WWSSN Stations

Station A(Deg.) Azimuth (Deg.) 6T pP-P 6T sP-P Instru-
(sec) (sec) merit

AAE 51.7 257 38+2 L
ATH 54.3 297 .26+2 38+2 L
COL 75.7 22 28+0.5 S
DAV '40.7 116 37+2 L
HKC 23.3 103 36+2 L
1ST 49.7 300 37+1 L
JER 46.3 287 27+1 38+1 L
MAL 75.8 304 27+1 L
MAT 40.9 67 37+2 L
POO 18.2 235 38+2 L
SHI 32.1 279 38+2 L
STU 62.2 312 27+0.5 S
TRI 59.9 308 26+1 38+2 L

long period instrument: L 
short period instrument: S



Table III. Possible Fault Plane Solutions From P Wave 
First-Motion Polarities And Inversion of 
Amplitude Data

No.

1

2a

Strike (0) dip (6) 

190° 57° W

216

2b 215

55°W

52°W

slip angle (A) 

232°-270°

295°

292

Method of Analysis

P wave first motion 
polarities, upper 
mantle depth.

Double couple com 
ponent of the moment 
tensor from linear 
inversion of amplitudes 
and polarity of P 
phases, upper mantle 
depth.

Constrained inversion 
of the amplitudes of 
P phases.

For convention of defining the fault plane solutions, see Kanamori 
and Stewart (1976). X = 270° corresponds to pure normal faulting 
and A = 0° to pure left-lateral strike-slip faulting.
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Figure Captions

Fig. 1. Simplified map of active tectonics of Tibet and

surrounding regions (adapted from Molnar and Tapponnier 

[1978]) showing the epicenter of the earthquake studied 

(-^-). Heavy lines are major faults (dashed when less 

certain) recognized on the Landsat imagery. Dotted areas 

"are sediment-filled basins presumably due to normal 

faulting. Thin dashed lines are a schematic outline of the 

32 C N fold belt. Cenonzoic volcanism is not represented. In 

fault plane solutions (lower hemisphere), solid areas are 

compressional quadrants and open atre^s 'are dilatational 

quadrants. The closed and open circles are historic 

earthquakes with M > 7.8 and with 7.8 > M > 7.0, 

respectively.

Fig. 2. Examples of vertical component long-period WWSSN

seismograms (top) which recorded clear sP phase and vertical 

component short-period WWSSN seismograms (bottom) where 

clear pP phase can be easily identified.

Fig. 3. Lower hemisphere equal area projections of the P wave

first motion polarities. Take-off angles are based on the 

Herrin P travel time tables for a source -located -in the 

upper mantle. Solid and open circles represent 

compressional and dilatational first motions, respectively. 

Two different southeast dipping nodal planes are extreme 

solutions allowed by the data. The poles of these planes are 

indicated by large crosses.
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Fig. 4. Examples of the digitized traces of the vertical

component long-period WWSSN seismograms with clear Raileigh 

wave signals. Note the absence of Rayleigh wave energy with 

periods shorter than about 20 sec.

Fig. 5. Amplitude spectra of the vertical component of the

observed Rayleigh Waves after correction for the instrument 

response. The spectra are not smoothed and only peaks and 

troughs are plotted. Theoretical spectra at four different 

source depths with different fault plane solutions are shown 

for comparison. Solution 1 ( > = 270°) was used for the 

focal depth of 85 km, and solution 2 for the focal depth of 

70 and 95 km. For the 45 km depth, the source mechanism 

with

<£ = 180° , <5" = 66°W and *= 222° was used. This mechanism 

was obtained from a fault plane solution constructed for a 

focus located in the crust. The theoretical spectra were 

generated for the velocity model shown in Table I with a 

seismic moment of 1 x 101? dyne*cm and were corrected for 

geometrical spreading. (No attenuation correction was 

applied.) In d) and j) the theoretical spectra for the 

85 km depth were computed using solutions 1 ( > = 270° and 

23~2°) showing that the effects of different source" 

orientations on the shape of the theoretical spectra are 

negligible compared to the effect of the depth of the focus.

Fig. 6. Spectral densities of the vertical component of the 

observed Rayleigh waves at a period of 50 sec (solid 

circles) equilized to the source, assuming an attenuation
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coefficient of 1.5 x 10 km . The solid curve shows the 

theoretical spectrum predicted for a source with fault plane 

solution 2 (Table III) at 90 km depth. The dashed curve 

shows that for a source with fault plane 

solution 1 ( > = 232°) at 85 km depth. The theoretical 

spectra were calculated for a moment of 5.5 x 10^ dyne*cm. 

The assumed seismic velocity structure is shown in Table I. 

Station JER is not used in Fig. 5 because the later part of 

the dispersed Rayleigh wave train overlaps a calibration 

pulse.

Fig. 7. Examples of the observed P-wave seismograms (top trace) 

and corresponding synthetic seismograms (bottom trace). The 

amplitude of the observed seismograms was normalized to an 

instrument magnification of 3000; the synthetic seismograms 

were scaled to the largest observed phase. The beginning of 

the synthetic seismograms marks the onset of the direct P 

phase. Also plotted are the P-wave first motion polarities 

(solid circles for compressional, open circles for 

dilatational and X for nodal; small symbols for less certain 

readings), pP polarities (+ for compressional and - for 

dilatational), positions of the sP reflections (symbol "2") 

and the ISC data (C and D). The fault plane solutions 

(lower hemisphere) shown are (Table III): solution 2b 

(solid line) obtained by constrained double couple inversion 

of P-wave amplitudes and also used in the calculation of the 

synthetic seismograms; solution 2a (dotted line) resulting 

from unconstrained moment tensor inversion which included
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first motion data reported by ISC; result of unconstrained 

moment tensor inversion without the ISC data (dashed line). 

Fig. 8. Observed (top traces) and synthesized (lower traces)

seismograms illustrating the sensitivity of the solution to 

changes in the source and medium parameters. The synthetic 

seismograms were calculated for a) solution 1 ( * = 232°), 

b) solution 1 ( X = 270°), c) solution 2a and 

d) solution 2b, using o(l = 6.1 km/sec and ^ determined from 

the Herrin tables. The remaining seismograms correspond to 

solution 2b where e) oci = 5.0 km/sec and Jjft is unchanged and 

f) o(l =6.1 km/sec but jo is increased by 42.
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Lucile Jones, Department of Earth and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge, Mass. 02139 

Wang Biquan and Xu Shaoxia, Institute of Geophysics, Academia Sinica,
Peking, People's Republic of China

We have examined the locations and mechanisms of the foreshocks to 
the 4 February 1975 Haicheng earthquake. The foreshocks were located 
using four stations relative to a master event. All occurred within 5 
km of each other. There appears to be two clusters of foreshock activ 
ity. The largest with the larger foreshocks appears to form one trend 
ing north-northeast. The second cluster is more dispersed and lies to 
the northwest of the first. The mainshock rupture plane trends west- 
northwest but with a cluster of aftershocks trending north-northeast 
fron the mainshock. Thus it is possible that the majority of the fore- 
shocks occurred en a different plane from the nainshock.
We also examined the amplitude ratios (Ap/As) recorded at "each sta 

tion. While the ratios were relatively constant at the more distant 
(A*1CO-200 kilometers) stations, two very different waveforms were re 
corded throughout the sequence at Yingkou (A=20 kilometers). However, 
if the foreshocks did occur on two planes as suggested by the locations 
of the epicenters, because the two planes are almost but not quite per 
pendicular, the fault plane solutions for events on the two planes 
vould be quite similar. Theoretically the slightly different fault 
plane so3.utions of the mainshock and the largest foreshock vould pro 
duce relatively consistent ratios at the distant stations but two 
different ratios similar to ours at Yingkuo. However, a definite cor 
relation between the different waveforms recorded at Yingkuo and the 
two clusters of activity could not be made.
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Final Technical Report 

A. Same as Semi Annual.

B. With regard to foreshocks, Lucile Jones returned to China to work 

with Wang Biquan and Xu Shaoxie. They reread some seismograms for the 

Haicheng seires and obtained data from some other stations that they 

had not examined before. They are in the process of completing a study 

of the relative locations of foreshocks to the mainshock.

Rufus Catchings and Thomas Fitch studied seismicity preceding large 

events in the western Pacific. In some cases changes in the seismicity 

preceding large events can be seen, in others it cannot. They are in the 

process of finishing this study.

With regard to other precursors, Lucile Jones and Peter Molnar 

Csupported separately from this grant), together with Deng Qidong and 

Jiang Pu, studied changes in ground water and anomalous animal behavior 

before the Haicheng earthquake. They made maps of their observations 

for different time periods and studied their possible interrelations. 

A manuscript was in the final throws of preparation when its preparation 

was interrupted by this report.

C. The major conclusion is that careful studies of individual earthquakes 

are essential. Detailed mapping of seismicity and other precursors are 

particularly important.

D. Bibliography: Nothing since the last report. 

E.

-F. One obvious implication is that more careful studies of ground water 

and animal behavior are needed if these observations are to be used in a 

quantitative understanding of earthquakes.
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THE IMPLICATION OF CONJUGATE FAULTING IN THE 
EARTHQUAKE BREWING AND ORIGINATING PROCESS

L.M. Jones 
(M/T. U.S.A)

Deng Qidong and Jiangpy 
(Institute of Geology. State Seismological Bureau)

(Abstract)

The earthquake sequence, precursory and geologo-structural background of Haicheng. 
Tangshan, Songpan-Pingwu earthquakes are discussed in this article. As we know that 
all these earthquakes occurred in a seismic zone controlled by the main boundary faults 
of a intraplate fault block. But the fault plane of a main earthquake is not the same 
faults rather a related secondary fault. They formed altogether a conjugate shearing rup 
ture zone under the action of regional tectonic stress field. As to the earthquake sequence 
the foreshocks and aftershocks might be occurred on the conjugate fault planes within an 
epicentral region rather than limited in the fault plane of a main earthquake, such as the distri 
bution of foreshocks and aftershocks of Haicheng earthquake. The characteristics of the 
long-, medium- and imminent term earthquake precursory anomalies of the three mentioned 
earthquakes, especially the character of well-studies anomaly phenomena in the electrical 
resistivity, radon emission, groundwater and animal behavior, have been investigated. The 
studies of these earthquake precursors show that they were distributed in an area rather 
extensive than the epicentral region. Some fault zones in the conjugate fault network appeared 
usually as distributed belts or concentrated zones of earthquake precursory anomalies, they 
can be traced in the medium-long term precursory field, but seem more distinct in the 
short-imminent term precursory anomalous field. These characteristics can be explained by 
the rupture and sliding originated along the conjugate shear- network and the concentra 
tion of stress in regional stress field. Moreover, it is wortny to notice'the migration of 
these precursory anomalies along the conjugate rupture zone in the earthquake-brewing 
process. The macroscopic precursory anomalies of the Songpan-Pingwu and Haicheng 
earthquakes did not appear first in the epicentral region, but emerged in a set of fault 
zone conjugated with the fault plane of main earthquake, or in a conjugate fault zone and 
their intersection region. These phenomena may be originated from the migration of 
stress-concentrated region and continuous concentration of stress in the earthquake source 
area. It is also possible that they were progressively initiated at a definite direction along 
the rupture zone and sliding caused by conjugate faulting.

It can be supposed that the effect of conjugate fault on the earthquake brewing and 
originating process is significant in theoretical studies of seismology and in predicting 
practice, it should be drawn public attention.
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ABSTRACT

The Markansu Valley Earthquake of 11 August 1974 

(m, = 6.4) occurred in a structurally complex area of the 

northern Pamir. It was followed by more than 80 teleseismically 

recorded aftershocks, thirteen with m^ ^ 5.0. Fault plane 

solutions for the three largest aftershocks differ from one 

another and from the mainshock and indicate both thrust and 

strike-slip faulting. Geological mapping and aftershock 

locations suggest that the strike-slip faulting occurred on 

both north and northwest trends. The region is one in which 

large northwest trending strike-slip faults converge. To the 

north and south these faults are very clear topographic features. 

As they approach the northeastern Pamir they become less distinct 

on the Landsat imagery, although they remain recognizable 

geologic features on the ground. The strike-slip faults may 

become less distinct towards their ends because the north-south 

motion is taken up progressively by east-west striking thrusts. 

It is not possible to fit orthogonal nodal planes to all of the 

observed first motions of the P waves from the mainshock. 

This earthquake is located at the intersection of two inferred 

fault systems and appears to be a multiple rupture. The 

discrepant P wave first motions are all nodal in character. 

If faulting occurred on more than one fault plane during the 

mainshock, then the apparent first motions in the nodal
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directions of the first rupture may be anomalous and actually 

belong to a rupture later than the first one. We are aware 

of one other similar occurrence: the 1967 Mudurnu, Turkey 

earthquake, for which the few anomalous.? wave first motions

were also nodal and for which the fault plane solutions of the
>

mainshock and the largest aftershock are very different. The 

concentration of large earthquakes near the intersection of 

two systems is also observed in Iran.
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INTRODUCTION

Recent studies of continental deformation in the Alpine- 

Himalayan belt show that large scale horizontal motions often 

take place on narrow strike-slip systems of considerable length 

such as the North Anatolian fault and Altyn Tagh fault, which 

may bound relatively aseismic blocks [e.g. McKenzie, 1972, 

Molnar and Tapponnier, 1975, 1978, Tapponnier and Molnar, 

1977, 1979]. These large strike-slip faults may curve in 

places along their length and sometimes motion changes from 

pure strike-slip to include a compressional or extensional 

component. Where deformation occurs primarily by strike-slip 

faulting it is often confined to narrow zones. However, where 

crustal extension or compression takes place, such as in western 

Turkey, northwest Iran, the Pamir and Yunnan, deformation appears 

to be spread out over large areas and motion is not confined to 

a single narrow fault system. Of particular interest is how 

one style of continental deformation changes into the other. 

Complexities are seen where well defined strike-slip systems   

meet or pass into compressional or extensional systems, such 

as in Yunnan and Szechwan of China [Tapponnier and Molnar, 1977] 

and at the eastern end of the North Anatolian Fault in Iran 

and Turkey [McKenzie, 1972]. This paper discusses the deformation 

associated with an earthquake sequence in a structurally complex 

region in the northern Pamir. This area is one of active 

thrusting towards which the large Altyn Tagh, Karakorum and 

Talasso-Fergana strike-slip fault systems converge (Figure 1.)
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REGIONAL STRUCTURE

Burtman et al. [1963] and Ruzhentsev [1963] discuss in 

some detail the geology and structure of the southern Tien 

Shan and eastern Pamir. The main structural features are the 

large northwest trending right lateral strike-slip faults which 

cross the region (Figure 2) . To the northwest the "Tien Shan - 

Kun Lun Fault" (TS-KL) of Burtman et al. [1963] includes the 

Talasso-Fergana Fault [Burtman, 1963], which is particularly 

active further north and stands out well on the Landsat Imagery 

[Tapponnier and Molnar/ 1979], As it enters the area of Figure 2 

it becomes less distinct on the Landsat imagery and may not be 

active south of about 41°N. It is possible that its motion 

is then taken up by other northwest trending strike-slip faults 

further south. The Karakorum Fault (Figure 1), a right-lateral 

strike-slip fault [Peive et al., 1964] and a remarkably clear 

feature on the Landsat imagery [Molnar and Tapponnier, 1978] 

and topographic maps, lies to the southeast of the region in 

Figure 2. It seems to continue into the southeast corner of 

Figure 2 as a group of subparallel faults including the "Pamir- 

Karakorum Fault" (P-KK) and "Kungur Fault" (KF) of Burtman et al. 

[1963] . On the Landsat imagery, none of these are as obviously 

active as the Karakorum Fault itself further south. Since the 

installation of the World Wide Standard Seismograph Network 

(WWSSN) there have been no earthquakes on either the southern 

part of the Talasso-Fergana Fault or the northern part of the 

Karakorum Fault large enough for a fault plane solution to be 

determined, although the seismicity of the region is high.
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To the west of the Pamir-Karakorum Fault in Figure 2 a number 

of east-west thrusts dominate the structure of the Pamir. 

Most of them dip to the south [Burtman et al., 1963, Ruzhentsev, 

1963]. In addition a series of right-lateral strike-slip faults

branches off to the west of the Pamir-Karakorum Fault at angles »

of 20-40° (Figure 2). The relationship between the strike-slip 

and thrust faults of the central Pamir was clarified in a 

detailed investigation in the Murgab region (about 38.5°N, 

74°E) by Ruzhentsev [1963]. He noticed that towards the northwest 

the strikes of the northwest trending strike-slip faults became 

more westerly and that motion changed into thrusting. This 

change was accompanied by a decrease in displacement on the 

strike-slip faults. Burtman et al. [1963] describe a decrease 

in displacement towards the southeast along the Tien Shan - Kun 

Lun Fault and towards the northwest along the Pamir-Karakorum 

Fault. It seems that as the strike-slip systems approach the 

southern Tien Shan and Pamir from the northwest and southeast, 

displacement along them is taken up by a number of thrusts over 

a wide area. Correspondingly, displacement on these strike-slip 

faults decreases although they remain clear as geological features 

This may explain why they are so indistinct on the Landsat imagery 

of this region (Figure 3), whereas to the northwest and southeast 

they are very clear [Molnar and Tapponnier, 1978, Tapponnier 

and Molnar, 1979].

Two prominent faults are observed in Figure 3. A major 

break of slope in the alluvial fan at 39.22°N, 74.5°E may be a
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thrust dipping northwards on the curved continuation of the 

Kungur Fault (Figure 2). About 5 km further north is another 

fault (Figures 2 and 3), also marked on the map of Burtman 

et al. [1963]. Near 38.7°N, 74.2°E the Karakul Thrust is 

visible and dips northwards [Burtman et al., 1963]. Further 

south short segments of more northerly lineated drainage may 

perhaps indicate the smaller strike-slip faults referred to by 

Ruzhentsev [1963].

AFTERSHOCK LOCATIONS 

The Markansu Valley earthquake of August 11, 1974 (m,=6.4,

M =7.3) was located at 39.34°N, 73.76°E by the International 
s
Seismological Centre (ISC). It was followed by more than 80 

teleseismically recorded aftershocks, for thirteen of which 

mb 2 5 -°- The mainshock and three of the aftershocks were large 

enough for fault plane solutions to be determined from first 

motions of P waves recorded by the long period WWSSN instruments. 

These solutions differ from one another and show both strike- 

slip and thrust faulting (see below).

The mainshock and its aftershocks were relocated using a 

technique, described in detail by Jackson and Fitch (1979), 

which locates earthquakes relative to a master event. Relative 

locations are not affected by a major source of error in absolute 

locations that arises*from azimuthal travel time anomalies caused by 

upper mantle heterogeneities. This region is known to be heterogeneou 

and ray paths are very likely to be perturbed by the deep structure 

of the nearby Hindu Kush [Khalturin et al., 1977] as well as by
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other deep structure in the Himalayan belt. The method used 

pays careful attention to the assumption behind all relative 

locations: that ray paths between source and receiver are 

essentially the same for different events. The source area

of the 1974 aftershocks is small (Figure 4) and no earthquake *

further than 70 km from the master event was relocated. The 

technique is very effective in places where teleseismic 

travel time anomalies are high, as shown by Fitch and Jackson 

[1979] in the Tonga arc.

The pattern of relative locations can be positioned in space 

only when some a_ priori location for one of the events is known. 

The Markansu Valley earthquake occurred "in a very mountainous 

and sparsely populated region, and we are not aware of any detailed 

reports of epicentral damage, surface faulting or isoseismal mapping 

that might constrain the location. The mainshock of August 11 was 

a complicated rupture producing complex seismograms (see Figure 6 

and Zakharova and Chepkunas [1977]). The event of 27 August 1974 

was chosen as a master because impulsive P wave onsets from it were 

reported at many stations. Relocations are shown in Figures 4 and 

5 and listed in Table 1. We have no a priori information for the 

location of any of the shocks, so the locations are drawn in 

Figure 2 assuming the ISC location of 39.52°N, 73.82°E for the 

master.

All the earthquakes appear to be shallow but depths are not 

well constrained. The ISC reports a depth of 19 km for the master 

and no large event was relocated more than 20 km below it.
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Surface wave analysis shows that depths for three shocks in 

this area are less than about 15 km [Patton, 1978]. No pP 

phases were unambiguously reported and we are not aware of 

evidence for subcrustal seismicity in the Markansu Valley 

region.  » 

FAULT PLANE SOLUTION OF THE MAINSHOCK

We were unable to fit two orthogonal nodal planes to the 

P-wave first motions of the mainshock. As the radiation patterns 

of the three main aftershocks and of the event of 11 May 1969, 

which occurred near the mainshock, all differ from one another 

and from that of the mainshock (Figure 6 and 7 and Table 2), 

it is tempting to conclude that slip occurred on more than 

one plane during the mainshock. Before discussing this 

possibility, let us first discuss in more detail the radiation 

pattern of the mainshock.

Figure 6 shows the lower hemisphere equal area projection ' 

of the radiation pattern and some key seismograms. Three 

possible solutions are also shown - one with essentially pure 

strike-slip motion as for the event of 11 May 1969 (Figure 7), 

a second with essentially pure thrust faulting as for the first 

large aftershock (Figure 7), and a third given by Ni [1978] 

for the mainshock, showing oblique thrusting. This latter 

solution is crudely what one would expect if two earthquakes 

with the other two solutions occurred simultaneously. Notice 

that all three solutions shown in Figure 6 violate some.of the 

first motions. Because the dilatations recorded at stations to
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the south (in India and Pakistan) are clear, the pure thrust 

solution can be rejected. The main difference between the 

pure strike slip solution and Ni's oblique slip is from 

stations to the north (in northern Europe, Greenland and 

Alaska). The first half cycle is clearly weak for all of them, 

but at STU, VAL, KON, GDH and COL, it is clearly congressional 

(Figure 6). At the closer, stations, NUR, KEY and KBS, we 

have interpreted the first motions as very weak dilatations. 

In any case the next two half cycles are both very small, 

suggesting radiation near a nodal plane. In all cases, our 

choices of the first motions were made from the long period 

records, as shown in Figure 6. The arrival times of the P waves 

on the short period records, however, agreed with the arrival 

times of the P waves that we picked on the long-period records. 

If the later, larger signals were chosen for the first motions, 

they would have arrival times later than the first arrivals on 

the short period records. We also disagree with Ni [1978] on 

the first motions at QUE and LEM. We think that we can see a 

very small dilatation preceding the large compression of QUE. 

We think that the first motion at LEM is dilatational, but we 

can see where one might pick the half cycle before it as a 

compression. Our choice of a dilatation is based in part on 

the arrival time of the P wave determined from the short 

period record, but this short period record is not particularly 

clear. Even if Ni's interpretation for the recordings were 

correct, a similar strike-slip solution could be found
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consistent with compressions at these two stations.

We favor the strike-slip solution principally because of 

the first motions of S waves. There are many fewer first 

motions for S waves than P waves, because we could not 

reliably pick them at most stations. Those that we did 

determine, however, agree with the strike-slip solution, and 

those at COL and PMG, in particular, are inconsistent with 

Ni's oblique slip solution.

As a further check, we analyzed the surface waves at 

several stations , The results are reported in Appendix A. 

They do not favor any of these three fault plane solutions.

DISCUSSION OF THE MAINSHOCK

The Markansu Valley earthquake was unusual in that it 

was impossible to fit two orthogonal nodal planes to the P 

wave first motions. The July 22, 1967 Mudurnu earthquake in 

western Turkey is another example [McKenzie, 1972, Figure 265,]. 

In common with the Markansu Valley shock, it was followed by 

large aftershocks with different fault plane solutions from 

the mainshock. At Mudurnu the change in mechanism was from 

strike-slip to normal faulting [McKenzie, 1972]. Thus in 

both these sequences more than one fault plane was active. 

The Markansu Valley shock appears to be a multiple rupture, 

as can be seen on the seismograms in Figured [see also Zakharova 

and Chepkunas, 1977]. While this is not uncommon for large 

crustal earthquakes, ruptures are usually assumed to have 

occurred on the same fault plane, with substantially the



same mechanism as the initial event {e.g. Wyss and Brune, 

1967, Fukao, 1972], For the Markansu Valley event it is 

possible that the first rupture was closely followed by a 

second that ruptured a fault with a different trend. This 

is especially plausible as the mainshock occurred very close 

to the intersection of two belts of aftershocks, each of which 

is parallel to one nodal plane of one of the larger events in 

the sequence .(Figure 4) . If the two ruptures nucleated very 

close together in space and time; then P waves radiated to stations 

close to a node in the radiation pattern of the first might be 

lost in the noise, and the larger onset of the second event 

would be picked as the first motion. The discrepant observations 

radiated to the north (Figure 6) are close to nodal planes of 

each of the three possible solutions shown. This may account 

for the curious character of the records at NUR, KEV and KBS 

which seem to have "double nodal" onsets. It is significant 

that at Mudrnu the discrepant readings are also nodal [see 

McKenzie, 1972, Figure 265,]. The explanation offered above 

would be unlikely to apply to discrepant observations far from 

the nodal planes of the first rupture because the second rupture 

would presumably be triggered by the arrival of energy from the 

first and the signal from the first rupture would clearly be 

recorded before the second. Only near a nodal plane is the 

arrival from the first rupture likely to be too small to be seen.
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From Figure 6 it might appear possible that the closer 

stations such as NUR, KEY, KBS recorded the first motion of 

the initial rupture. Then, at the more distant GDH and COL 

the weak nodal signal of the first rupture may have been 

lost in noise and instead only a later rupture with a different 

mechanism was recorded. If this were so and the two ruptures 

were sufficiently separated in time, the distant stations 

should show a positive (late) travel time residual relative 

to the closer stations.Figure 8 shows the travel time residuals 

from the ISC location for the mainshock for northern stations 

in the azimuth range 320°-20°. Unfortunately, the data 

scatter, and no particular trend is observed. Both the 

Markansu Valley and Mudurnu earthquakes are too small for 

the second and subsequent ruptures to be relocated relative 

to the first, as done by Wyss and Brune [1967] and Fukao 

[1972].

An alternative explanation for the discrepant observations 

is that laterally heterogeneous velocity structures have 

refracted teleseismic ray paths and therefore that the 

stations are not plotted in Figure 6 in their correct positions 

on the focal sphere. This effect was inferred for earthquakes 

at ocean ridges [Solomon and Julian, 1974; Thatcher and Brune, 

1971], and the upper mantle structure under the Pamir and 

western Tien Shan is thought to be anomalous [e.g. Khalturin 

et al., 1977].
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FAULTING IN THE SOURCE REGION

The fault plane solutions from five earthquakes in the 

source region show three types of faulting. The preferred 

solution for the mainshock and that for 11.5.67 show strike- 

slip faulting on northwest-southeast or northeast-southwest 

planes. The trend of aftershocks (Figure 4) implies a 

northwest-southeast fault plane, therefore with right lateral 

motion parallel to the Pamir-Karakorum Fault [Burtman et al., 

1963]. If the ISC location for the master event (27.8.74), 

by which the pattern in Figures 2 and 4 is positioned, were 

in error by 25 km, the northwest trend of aftershocks could 

lie on the extension of this fault. A systematic error of 

25 km in the ISC location is possible.

The two largest aftershocks (8.11.74b and 8.11.74c) show 

thrust faulting, but in both the strike-slip component is not 

well resolved. The shallow dipping planes of Figures 4 and 7 

are essentially those given by Patton [1978] . He inverted 

Rayleigh wave spectra to obtain moment tensors for these 

events, and the corresponding fault plane solutions agree 

remarkably well with the P wave first motions. It is 

possible, however, that a small component of strike-slip 

motion is also present. Ni [1978] shows fault plane solutions 

for these aftershocks, of which 11.8.74bis in general agreement 

with ours. We disagree about 11.8.74c, which he regards as a 

normal fault. This is principally because he read the onsets 

at some southeastern stations (e.g. BAG and LEM) as
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dilatational, and to us they appear to be compressional. Three 

other thrust solutions of earthquakes from this general area 

are also known (Figure 4). The three westernmost solutions of 

Figure 4 all show a shallow southward dipping nodal plane 

consistent with southward underthrusting at the northern ^ 

margin 'of the Pamir (Figure 2).

The fault plane solution for the master event (26.8.74) 

shows predominantly strike-slip faulting on either north-south 

or east-west planes, and is clearly different from those of the 

mainshock (11.8.74a) and 11.5.67. A northerly trend of 

aftershocks (Figure 4) suggests a north-south fault plane, 

therefore with left lateral motion.

The two thrusting aftershocks are on an extension of the 

northwest-southeast strike slip trend, a phenomenon observed 

for many continental earthquakes, e.g. Dasht-e-Bayaz, Iran 

[Jackson and Fitch, 1979], Such intersections of fault trends 

appear to be areas of intense aftershock activity and stress con 

centration (Figure 5).

S-gure5 shows that the smaller aftershocks do not closely 

follow the trends delineated by the larger shocks. This is 

not necessarily because they are mislocated but is a general 

phenomenon where faulting is not confined to a single strike- 

slip system. Jackson and Fitch [1978] mention this effect 

at Gediz, Turkey and it has also been observed by local 

networks [e.g. Whitcomb et al., 1973]. The smaller aftershocks 

may represent internal deformation in blocks whose overall 

motion is controlled by larger faults.



CONCLUSIONS

The region affected by the August 11, 1974 event and 

its aftershocks is small. Thirteen shocks with m^ _> 5.0 were 

concentrated in an area . about 30 km wide. The inferred 

faulting during the 1974 Markansu Valley Sequence is similar 

to that described by Burtman et al. [1963] and Razhentsev

[1963] for the northeast Pamir. In particular, right lateral
 »

strike-slip faulting on northwest striking planes is intimately 

associated with thrusting on east-west planes. Although 

we are not aware of persuasive evidence for north-south 

faulting, as is inferred for one trend of aftershocks, Ni 

[1978] interprets a north-northeast structure through the center 

of the lake Karakul (LK in figure 2) as an active fault (Figure 3),

In contrast to most regions thrust faulting is more clearly 

seen on the Landsat imagery than the strike-slip faults. An 

explanation of this effect may be that at the ends of the strike- 

slip faults displacement decreases and is taken up on not one but 

several thrusts [Ruzhentsev, 1963]. This may cause the strike- 

slip fault to become a less distinct topographic feature towards 

its ends.

The mainshock occurred at the intersection of the two

trends of aftershocks, and more than one type of faulting was 

active during the sequence. Motion on two or more fault planes 

during the mainshock may have contributed to the complexity of 

its seismograms, and made it impossible to fit orthogonal 

planes to the P wave first motions. Such a situation is rare 

but was noticed at Mudurnu Turkey [McKenzie, 1972]. There too 

the fault plane solutions of the principal aftershocks 

differed from those of the mainshock, and the discrepant 

first motions were nodal in character.
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APPENDIX. A

Here we report the analysis of surface waves from the . 

mainshock. This analysis was frustrating because Rl and Gl 

were usually too large to be analyzed. Only at stations with 

very low magnifications, and apparently near nodes in the > 

radiation patterns were Rl or Gl small enough to be digitized. 

At the same time G2 and G3 were clear at a few stations with 

high magnifications and apparently, in most cases, near maxima 

in the assumed radiation patterns. Our policy was to analyze 

all Rayleigh waves (Rl) that were.not too large and any G-wave 

that could be seen on the seismograms. Thus, the data analyzed 

are a mixture of Love and Rayleigh waves with varying path 

lengths (Table Al). We Fourier transformed the surface wave 

signal and estimated the spectral density at 100 sec (and in 

a few cases 150 and 200 sec). For this estimate, we used the 

mean of the spectral density between 80 and 120 sec (or between

130 and 170 sec or 180 and 220 sec). From Ben-Menahem et al.
.f\j I 

[1970], the amplitude spectral density |u(T)| at a particular

period T can be written as

y 2TT F(A)

where M = seismic moment, y = shear modulus, o ____

F(A) = /sin - exp(y(T)  ) a a

where A = epicentral distance in km, a is the radius of the 

earth, and Y(T) is a measure of attenuation. Ben-Menahem et al
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[1970] tabulate F ( A) and we used their values. G (f np'.s. ,h, Az.) 

depends upon the parameters describing the fault plane solution (f.p.j 

the azumith to the station (As.) and the focal depth (h). It can be 

written for Rayleigh waves as

G = Ap^Pp + SpSp) 2
t\ S\ Xx X\

or for Love waves as

G =

where lower case letters contain information about the fault 

plane solution and azimuth and upper case letters contain 

information about the depth of focus and earth structure. They 

are defined and tabulated in Ben-Menahem et al. [1970]. We 

used their tabulated values for a depth of 15 km in a "continental" 

earth structure.

For each of the three possible fault plane solutions we 

calculated Mo (Table A 1) from

M = 27ryu(T) F(A) 

0 T G

We assumed that y = 3.3 x 10 11 dynes/cm2 . If the data were free 

of error and one of the assumed fault plane solutions were 

correct, then in principle the calculated values of Mo would 

be the same for each station. In fact, for each assumed fault 

plane solution the calculated values scatter a great deal and
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do not support any of the solutions. Figure Al shows the 

range of scatter. Part of the scatter is probably due to the 

proximity of some stations (eg. TRN or ALQ) to nodes in one 

or more of the radiation patterns. Therefore, slight errors

in azimuth cause large errors in calculated spectral densities
 » 

and moments. The data are probably of mixed quality

also. The estimate of |u(T)| are surely better for the 

recordings of G2 and G3 than for Rl and Gl. However, because 

of the longer paths, the values of F (A) and their uncertainties 

are larger for G2 and G3. Because of the scatter, the surface 

wav^s do not help much to discriminate among the possible fault 

plane solutions.

Table Al lists the calculated values of MQ for each station 

and for each of the three possible fault plane solutions in 

Figure 6. Although the scatter in values is large, the averages 

for each solution are comparable. Ignoring the high value from 

TRN for the strike-slip solution the geometrical average of 

eighteen estimates is 4.3 x 10 26 dyne-cm. The very small value 

of G(f.p.s.,h,As.) for TRN makes the uncertainty in MQ 

determined from it so large that it is excluded from the

average. For the pure thrust solution, the geometrical
2 6

average of nineteen estimates is 6.2 x 10. dyne-cm, and for Ni's

[1978] oblique slip solution, it is 5.2 x 10 26 dyne-cm. 

Zakharova and Chepkunas [1977] estimate the moment to be 

1.3 x 10 26 dyne-cm, from recordings made at Obninsk, USSR.



19.

Let us assume that MQ = 5 x 10 26 dyne-cm. For a fault length

11 "> A = 30 km and width w = 20 km, and with y = 3.3 x 10 dynes/cnr,

the average slip would be u = 2.5 meters. The stress drop given 

by Knopoff [1978]

1 yu 
Aa =  

would be twenty one bars. Given the uncertainty in w alone, 

this estimate is uncertain by at least a factor of four.
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FIGURE CAPTIONS

Fig. 1. Tectonic setting of the Pamir and Tien Shan. Adapted 

from Molnar and Tapponnier £l975] and Chen and Molnar

[1977] .
 » 

Fig. 2. Geological and structural map of the southern Tien

Shan and Pamir, modified from Burtman et al. [1963] and 

Ruzhentsev [1963]. Filled circles indicate the relative 

locations of the main events in the 1974 sequence (see 

Figure 4) and the pattern could be displaced up to about 

25 km. Thrust dips marked with filled symbols are from 

published reports, those with open symbols are inferred 

from Landsat Imagery. The area where the Pamir-Karakorum 

fault (P-KK) meets the Pamir Thrust (PT) is marked 

schematically. It is not clear from published work or 

from the Landsat Imagery whether the Pamir Thrust is 

continuous east of the Pamir-Karakorum Fault, which is 

also indistinct in this area. Molnar and Tapponnier (1975) 

mark a southerly dip for the western part of the Pamir 

Thrust, whereas a clear northerly dip is inferred from 

Figure 3 for the thrust east of the Pamir-Karakorum Fault. 

It is significant that the shock of 14.9.69 has a well 

controlled steeply dipping southerly plane whereas further 

west 11.8.74b has a shallow dipping plane to the south 

(Figure 4 and 5). The dashed area marks the extent of   

Figure.3. The Tien Shan-Kun Lun fault (TS-KL) includes



the Talasso-Fergana fault in Figure 1. The Pamir- 

Karakorum and Kungur (KF) faults continue southeast into the 

Karakorum fault. The Karakul thrust is marked by KT, 

Lake Karakul by LK, and Kashgar by K.

Fig. 3. Landsat imagery of the area marked in Figure 2.
 » 

Latitude-longitude crosses marked on the photograph are

approximate.

Fig. 4. Relocations of major events (m^ ^ 5.0) relative to 

27.8.74 (number 51). All except 11.5.67 used more than 

100 stations in the relocation (Table 1). Standard errors, 

checked by Chi-squared tests, are less than 5 km in any 

direction for these events (see Table 1). Station 

distributions are good for events of this size and so 

systematic errors in relative locations should be small. 

Sequence numbers identify the events in 1974 in Table 1. 

Earlier events are marked by open circles. 29.8.63 and 

14.9.69 were not relocated. Their locations are those 

given by the ISC, and the fault plane solutions are from 

Tapponnier and Molnar [1979]. New fault plane solutions 

are shown in Figures 6 and 7 and parameters are listed in 

Table 2. No P wave solution is available for 24.7.71 

and the solution shown is from a linear moment tensor 

inversion by Patton (1978). Dashed lines mark trends 

of aftershocks corresponding to one of the fault planes 

in the fault plane solution (see text).
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Fig. 5. All relocated events in the 1974 sequence. Events 

are numbered in order of occurrence, and correspond to 

numbers in Figure 4 and Table 1. Large filled circles

are major shocks in Figure 4 and small filled circles are
 » 

shocks with more than 70 stations in their relocations.

For each m^ ^1 4.9. Open circles used more than 23 

stations in their relocations, and although their standard 

errors are less than 10 km, they are more likely to be 

affected by poor station distributions than the other 

two groups.

Fig. 6. Lower hemisphere, equal angle-projection of first 

motions and selected seismograms for the mainshock 

11.8.74a. Fault planes drawn as solid lines represent our 

preferred solution. The dashed lines are a pure thrusting 

solution and the dotted lines the solution of Ni [1978]. 

Seismograms are all from the long period instruments of 

the WWSSN. Upward first motions are compressional, and 

are plotted as solid symbols, dilatations are open symbols, 

X's denote nodal readings, and arrows give, first motion 

of S waves. P and T show positions of the P and T axes of 

the preferred solution.

Fig. 7. New fault plane solutions of other earthquakes. 

Symbols same as figure 6. All were assumed to have 

occurred in the crust with a focal velocity of 6.5 km/sec. 

Table 2 lists the parameters of the solutions.
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Fig. 8. ISC residuals from the mainshock vs. epicentral 

distance for stations in the azimuth range 320°-20°. 

Filled circles are those whose arrivals were reported as 

impulsive. Open circles were emergent or of unspecified

quality.
 »

Fig. Al. Moments for the mainshock calculated from Love and 

Rayleigh waves at different stations, assuming different 

focal mechanisms (see Table Al) . The scatter does not 

support any particular solution. This may simply indicate 

that rupture occurred on more than one fault plane during 

this earthquake.



Table Al. Data for Surface Wave Analysis

Station1" Phase T A AZ U(T) F(A) G*
(sec) (o) (A) (cmsec) (10~~ iycrri )

ADE

AFI

ALQ

ATU

BUL

KIP

KON

NUR

RAB

SJG

SPA

STU

TRN

WEL

Rl

Rl

G3

G2

Rl

Rl

G3

G3

Rl

Rl

Rl

Gl

G2

Rl

Rl

100

100

100

150

200

100

150

100

100

100

150

100

100

100

100

100

100

100

100

95

118

466

466

466

321

321

73

102

404

404

397

84

111

129

129

314

115

122

132

85

0

0

0

104

104

224

48

319

319

321

101

319

180

180

124

310

120

0

0

0.

0

0

0

0

0

0

0

0

0.

0

0

0

0

0

0

0

.31

.19

052

.16

.20

.19

.16

.26

.12

.10

.19

091

.20

.17

.28

.43

.20

.28

.31

1.

1.

31.

8.

3.

8.

3.

1.

1.

16.

5.

14.

1.

1.

1.

2.

8.

1.

1.

7

9

3

7

5

6

6

7

3

6

4

6

6

9

9

3

7

9

9

87

658

209

119

80

647

363

114

203

946

533

919

546

224

664

209

991

23

203

*Pure strike slip faulting. Strike = 129°, dip = 90°, slip = 180° 
**Pure thrust faulting strike = 77°, dip = 22° , slip = 90° 
***0blique thrusting strike = 55°, dip = 66°, slip = 26°

tAll Rl from vertical components, ALQ-EW (back-az = 0°), ATU-NS 
(back-az = 252°), KON-NS (back-az = 87°), NUR-NS (back-az = 
102°), SPA-NS (back-az = 129°), STU-NS (back-az = 76°)



Mo* G** Mo** G*** Mo*** 

(10 26dyn-cm) (10~ 19 cirT 2 ) (10 26dyn-cm) (10~" 19 cirT 2 ) (10 26dyn-cm)

12.6

1.1

16.1

16.2

9.1

5.2

2.2

8.0

2.2

3.6

2.7

3.0

1.2

3.0

1.7

9.8

3.6

48.0

6.0

409

85

156

86

58

297

163

230

200

295

166

281

165

459

538

156

357

393

311

2.7 '

8.8

21.6

22.4

12.5

11.4

4.9

4.0

2.2

11.7

8.5

9.8

4.0

1.5

2.1

13.1

10.1

2.8

3.9

246

398

145

78

52

275

153

255

136

847

477

841

413

153

682

145

722

100

495

4.4

1.9

23.3

24.7

14.0

12.3

5.2

3.6

3.3

4.1

3.0

3.3

1.6

4.4

1.6

14.1

5.0

11.0

2.5
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We have examined the locations and mechanisms of the foreshocks to 
the A February 1975 Haicheng earthquake. The foreshocks were located 
using four stations relative to a master event. All occurred within 5 
km of each other. There appears to be two clusters of foreshock activ 
ity. The largest with the larger foreshocks appears to form one trend 
ing north-northeast. The second cluster is more dispersed and lies to 
the northwest of the first. The mainshock rupture plane trends west- 
northwest but with a cluster of aftershocks trending north-northeast 
from the mainshock. Thus it is possible that the majority of the fore- 
shocks occurred on a different plane from the mainshock.
We also examined the amplitude ratios (Ap/As) recorded at "each sta 

tion. While the ratios were relatively constant at the more, distant 
(A=1CO-200 kilometers) stations, two very different waveforms were re 
corded throughout the sequence at Yingkou (A=20 kilometers). However, 
if the foreshocks did occur on two planes as suggested by the locations 
of the epicenters, because the two planes are almost but not quite per 
pendicular, the fault plane solutions for events on the two planes 
would be quite similar. Theoretically the slightly different fault 
plane solutions of the mainshock and the largest foreshock would pro 
duce relatively consistent ratios at the distant stations but two 
different ratios similar to ours at Yingkuo. However, a definite cor 
relation between the different waveforms recorded at Yingkuo and the 
two clusters of activity could not be made.
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Appendix B

The Role of Conjugate Faults in the 
Development and Occurrence of Earthquakes

Lucile Jones, Deng Qidong and Jiang Pu 
(Massachusetts Institute (State Seismology Bureau 

of Technology) Institute of Geology)

(English translation of a paper published in 
Di Zhen Di Zhi (Seismology and Geology), Beijing, 1980)



Fault plane solutions of the major earthquakes occurring 

within the China plate show that the events are consistent with 

their regional stress field as determined from geologic data 

(Deng et al, 1976, 1979). Nevertheless, these intraplate earth 

quakes can be divided into types. One type occurs on the boundary 

faults of the major fault blocks within the China plate and are 

clearly associated with the regional deep active faults of fault 

basins. For instance, the 7 February 1973 LuHwo earthquake (M=7.9) 

in Sichuan occurred on the Xian-Shuihe (Kanting) fault which is 

the northern boundary of the Sichuan-Yunnan fault block. The 

second type of earthquakes occurs not on the region's deep, active 

faults but rather on minor faults, in some cases on faults not 

previously recognized. For instance, although four major faults 

that all have evidence of large Quaternary movement exist in the 

Tangshan area, the 28 July 1976 Tangshan earthquake (M=7.8) was 

located on a minor fault (40 km long) with little evidence of 

recent activity (Guo et al, 1976). This type of earthquake 

usually occurs within a fault block or an area of complex 

geological structure.

It appears that for the second type of earthquake, the main 

shock plane often is not the only plane active during the earthquake 

generating process. Besides concentrating along the mainshock 

plane, the precursors, foreshocks and aftershocks for this type 

of event also appear along conjugate faults within the area. 

Moreover, for this type of event, earthquakes precursors are, as 

a rule, distributed^over a large area, although concentrated along 

the regional tectonic structures of different orientations. The 

precursor field is often larger than the epicentral area and its 

distribution and size may be determined by the pertubations of 

the stress field by the regional tectonic structures (Deng et al, 

1976; Jiang et al, 1979).

The first author of this paper researched characteristics 

of the Haicheng forshock sequence with Wang Biquan and Xu 

Shaoxie of the Institute of Geophysics of the State Seismology 

Bureau (L. Jones et al, 1979) and on the basis of the previous 

work of the second authors (Deng et al, 1979; Jiang et al, 1979 

studied the temporal distribution and relation to geologic struc 

tures of the short term and imminent precursors of several earth 

quakes



including the Liaoning province Haicheng, Hebei Province Tangshan 

and Sichuan Province Song pan earthquakes. These events are all 

of the second type of earthquake mentioned above. Naturally, types 

of earthquake precursors are varied and their characteristics 

very complicated, so that in our limited time we have researched 

only a small part of the problem. It was, therefore, impossible 

for us to consider all precursory phenomena.



4 February 1975 Haicheng Earthquake (m=7.3)

The geologic structure of Liaoning Province where the 

Haicheng earthquake occurred is dominated by two sets of nearly 

perpendicular faults (Figure 1). The more fundamental system 

trends NNE/one of the main structural trends of eastern China. 

Faults of the other system trend WNW. These are structurally 

more minor features often limited by the NNE trending faults.

The predominant structure of western Liaoning is the Xialiaohe 

faulted depression which is controlled by the NNE trending faults, 

the largest of which is the Niujiu-Youyangou Fault. Within the 

epicentral area, the boundary between the Xialiaohe depression 

and the E. Liaoning uplift is composed of the Jinshingling . and 

the Shuangtaizi-Zahejiabazi faults, which could be extensions of 

the major Tangcheng-Lujiang fault of northeast China. Within the 

E. Liaoning uplift there are several other NNE trending faults 

(Figure 1). Near the epicentral area is the NW trending Dayanghe 

fault whose western terminus coincides with the epicenter.

The Haicheng earthquake occurred in the area between the 

terminus of the NW Dayanghe fault and the Niujiu-Youyangou fault 

(Figure 1). The instrumentally determined epicenter of the main- 

shock was located just at the western end of the Dayanghe fault 

and the after shocks lay primarily along a line WNW from that 

epicenter (Figure 2). The intensity distribution also followed 

this WNW direction. Moreover, nine compressive enechelon 

fractures along this direction indicating left-lateral slip in 

the WNW direction. Therefore, this WNW direction is believed to 

be the mainshock fault plane and possibly fracture of fresh rock 

(Deng et al, 1976).

Fault plane solutions of the Haicheng earthquake show that 

the two planes lay N22°E and N68°W, with right-lateral and left- 

lateral movement respectively, (Wu, 1976) and the P axis trends 

N67 W. These two planes are consistent with both the WNW main- 

shock fault breaks and the regional NNE structures.



Although the main faulting occurred on the WNW fault, 

evidence exists that the NNE faults experienced activity or were 

at least affected by the stress concentration. It appears that 

some of both the foreshocks and aftershocks occurred on a NNE 

trending plane. The foreshocks occurred very close together 

(approximately within 5 km of each other) and essentially 

at the epicenter of the mainshock. However, they do appear to 

have occurred in two separate clusters one of which has the 

appearance of a NNE trending plane (Jones et al, 1979). They 

were located at the western edge of the Ximu river valley. Also, 

although most of the aftershocks were distributed along a WNW 

plane, there were also a few that followed a NNE direction. There 

were several magnitude 2 and 3 events northeast of the mainshock 

epicenter at Shisi and southwest at Gaixiam Xiongyu (Figure 2). 

The location of the former cluster is consistent with an extension 

of the NNE plane determined by the foreshock epicenters; the latter 

are on the southern portion of the NNE trending Jinshanling fault.

The foreshocks are located in Proterozoic schists and no 

fault has been directly observed in this area. However, a Yery 

straight, NNE trending ri.Yer Galley with obvious triangular facets 

along the western boundary hills (the above mentioned Ximu river 

valley) coincides with the locations of the foreshocks. Moreover, 

in these schists in the western hills, relatively well developed 

small fractures with approximately a N20 E orientation occur. 

Therefore, it is quite possible that a NNE trending fault runs 

along the Ximu river valley probably reaching the Shisi area 

(where aftershocks occurred).

Other precursors also seem to have been affected by the NNE 

structures. The precursor field of the Haicheng earthquake was 

extensive, possibly extending as far as 400 or 500 kilometers (Deng 

et al, 1975), although the anomalies were mainly concentrated along 

the WNW and NNE trending faults of the Haicheng area (Jiang et al, 

1979). The effect of the two tectonic systems was very evident 

for the short term and imminent precursors, especially the ground 

water anomalies - these including changes in the water level, in 

taste and color, and bubbling, muddying and swirling of the water 

(Zhu et al, 1979; Haicheng Seismological Brigade, 1975). These phenomena



began ten weeks before the mainshock but were concentrated in 

the few days immediately preceding it. Again, the majority of 

anomalies occurred along the eventual mainshock plane (74% of the 

reported points) but a large number of anomalies were distributed 

along a NNE direction, coinciding with the Jinshanling, Shuangtaizi- 

Zahojiabazi, and Jinzhou faults (60% - points lying at the inter 

section of the two trends were counted in both) (Figure 2). Also, 

several other NNE trending faults in the East Liaoning area had 

separate ground water anomalies. It is worthwhile to note that 

when the anomalies began to appear in December 1974, the 20 reported 

anomalies were concentrated along the Yalu river fault near Dandong 

in the eastern part of the peninsula. The eighty anomalies reported 

in January, 1975, occurred primarily along the northwest belt but 

the NNE trending Anshan belt also had anomalies. The 140 anomalies 

reported between 1 February and 4 February were concentrated in 

the northwest trending epicentral area but also appeared along 

the NNE trending Jinshangling fault which intersects the epicentral 

area. Thus the anomalies migrated towards the epicenter as the 

earthquake approached. Indeed, the Jinshangling fault had some of 

the most obvious anomalies. The Tanggangzi hot spring (on the 

northern section of the fault) stopped flowing for the first time 

ever known, three times before the earthquake. Moreover, the five 

wells found to be the most sensitive earthquake precursors during 

the Haicheng sequence lie within this fault zone (Figure 2).

Several other short term precursors of the Haicheng earth 

quake had a similar pattern of distribution. For instance, although 

the animal anomalies primarily followed the northwest trend of 

the mainshock plane, anomalies also appeared along the Jinzhou, 

Jinshanling and Yalu River faults. As well, both the mainshock 

plane and several NNE trending planes near the epicenter had 

radon, strain, telluric field, earthquake lightening, underground 

gas and other anomalies.



28 July 1976 Tangshan Earthquake (M=7.8)

The Tangshan earthquake occurred in the boundary zone 

between the Yanshan uplift belt and the North China Plain 

faulted depression. This boundary zone is composed of a stepping 

series of approximately EW or ENE trending faults but is also 

cut by NW and NNE trending structures forming grabens and 

horsts of which the Tangshan secondary fault block is one. The 

Tangshan block is bounded on all sides by four deep, large faults 

that all show evidence of recent activity so as to form a ENE 

trending parallelogram (Guo et al, 1977). However, as mentioned 

before, the Tangshan earthquake occurred not on one of these faults, 

but on a minor NNE trending fault within the Tangshan block.

The Tangshan earthquake produced a NNE trending surface 

rupture eight kilometers long. The trace showed right-lateral 

motion had occurred, reaching a maximum amplitude of 2-3 meters. 

No foreshocks were recorded (Hebei Provincial Seismology Bureau, 

1977). The aftershock distribution was in general coincident with 

the fault plane of the mainshock. However, the aftershocks were 

concentrated at the north and south ends of the Tangshan Fault. 

Moreober, the two largest aftershocks (M7.1 and 6.9) were located 

in these two concentrations of aftershocks and the rupture plane 

of the M=6.9 aftershock trended northwest consistent with the 

trend of that area of aftershock activity. The fault plane solution 

of the Tangshan mainshock showed that the direction of tbe P .axis 

was N65 E (Qin Qun, 1976) corresponding to a maximum shear stress 

on both NNE and WNW trending planes.

Although the spatial distribution of the precursors to the 

Tangshan earthquake is quite complex, some definite patterns can 

be observed. Looking at the temporal development of the precursors, 

one can see that after the 1975 Haicheng earthquake, the anomalies 

in the Liaoning area diminished but the anomalies in the Beijing- 

Tianjin-Tangshan area continued to develop. By April, 1976, they 

had begun to enter the short-term stage (Hebei Provincial 

Seismology Bureau, 1977; Jiang Pu, 1979). In general, these 

anomalies were distributed along the northeast, northwest, and 

east-west trending geologic structures of the Tangshan region.



The change in electrical resistivity of the ground was most closely 

associated with the regional structures of all the anomalies. 

Within a 200 km area centered on Tangshan, nine of the fourteen 

operating electrical resistivity stations were in continuous 

operation since 1973. A long term drop in resistivity was recorded 

beginning in 1974, forming an area of anomalously low resistivity 

extending approximately 70 kilometers north-south and 300 kilometers 

east-west (Figure 3). The largest anomalies were at the three 

stations of Tangshan, Majia and Chang which showed a drop in 

resistivity before the earthquake of 5.5%, 17.6% and 6.4% respectively, 

By December 1975, the resistivity anamalies showed a definite 

linear pattern. On a map of the anomalies recorded before the 

earthquake in July 1976, one can see that the anomalous area 

followed both a northwest and northeast trend out from Tangshan 

and was larger than the epicentral area of the earthquake. These 

two anomalous areas coincide both with the aftershock area and the 

area of high seismic activity prior to the Tangshan earthquake, 

(Chang et al, 1979). The spatial distribution and temporal devel 

opment of the resistivity anomaly also corresponds to the distribution 

and development of a long term (two to three years before the 

earthquake) precursory drop of the water table in the Tangshan 

area, (Jiang et al, 1979). This linear pattern in the anomalies 

could be in part due to the increase in seismic activity along 

nothwest trending faults prior to the earthquake.

The imminent macroscopic precursors to the Tangshan earth 

quake appeared relatively late (compared to the Haicheng precursors), 

only reaching a high level one or two days before the earthquake 

(Hebei Provincial Seismology Bureau, 1977). The phenomena were 

similar to those of the Haicheng earthquake. Macroscopic 

ground water anomalies were recorded in Tangshan, Beijing, Tianjin 

and other areas but were most obvious in Tangshan. Large anomalies 

were seen sixteen hours before the earthquake primarily in the

Macroscopic anomalies refer to phenomena reported by local .. 

observation groups rather than by instruments.



epicentral area distributed along a north-northeast direction. 

They appeared along the Tangshan fault which lies along an anticline 

and along other parallel anticlines. Seventy to eighty percent 

of the reported animal anomalies occurred within one day of the 

earthquake. Four trends had concentrations of anomalies but the 

largest was clearly associated with the Tangshan Fault. Except 

for the distribution of anomalies along the Tangshan Fault, all 

of the other above mentioned trends of anomalous areas were 

coincident with faults showing high levels of seismic activity 

prior to the Tangshan earthquake.



16, 22, 23 August 1976 Songpan Earthquakes (M=7.2, 6.7, 7.2)

This series of earthquakes occurred on the Tiger Tooth Fault 

which is an offshoot of the Dragon Gate Mountain faulting belt of 

western Sichuan. The focias of little attention because of the Tangshan 

earthquake that occurred three weeks before it, the first event 

of the series is the largest earthquake not preceded by foreshocks 

to have been successfully predicted within a few days. While the 

medium term prediction was based primarily on regional seismicity 

patterns (as well as some strain and radon anomalies), the 

imminent prediction was in a large part based on reported macro 

scopic anomalies. These anomalies included well water changes, 

animal anomalies, earth noises, gas bubbles in ponds and rice 

paddies and fire balls (balls of fire approximately one foot in 

diameter, possibly composed of methane, that came out of the ground 

and burned for several seconds in the air) (Personal communication, 

Sichuan Provincial Seismology Bureau, 1979) . These anomalies were 

distributed primarily along a fault in the Dragon Gate Mountain 

belt but not the fault on which the earthquakes occurred.

The Dragon Gate Mountain fault belt is composed of three right- 

lateral, northeast trending faults and is the eastern boundary of 

the Tibetan fault block of western China. Along the western side 

of the northern part of this fault belt are the north-south to 

north-northwest trending Minjiang and Tiger Tooth faults. The 1933 

Maowen earthquake occurred on the Minjiang fault and 1976 Songpan 

earthquake sequence occurred on the Tiger Tooth fault. A first 

motion study of the Songpan events showed that the principal 

stress trended east-west. Although the left-lateral Tiger Tooth 

fault is much smaller than the right-lateral Dragon Gate Mountain 

fault belt, they could be considered conjugate as both are consistent

with the same stress system.

The epicentral area had no short term or imminent precursors 

to the earthquakes until two or three days before the fist event. 

However, telluric current and radon anomalies were recorded for 

six or seven.imonths prior to the mainshocks along the Dragon 

Gate Mountain fault belt. The most obvious anomaly was recorded 

at Guzan station which is located at the intersection of the three



major seismic belts of Sichuan and is thus considered to be at a 

sensitive location (Li, 1975). Even clearer were the macroscopic 

anomalies that were reported from March until 13 August almost all 

occurring along the Dragon Gate Mountain fault belt accompanied 

by both seismic and aseismic slip along one of the faults within 

the belt (Figure 4).

Three large anomalies appeared in wells located along the 

south-central section of this fault during March, April and May. 

These included changes in mineral content, muddying of the water 

and the Appearance of gas bubbles. These occurred more than 200 km 

away from the eventual epicenter but as mentioned above slip may have been 

occurring along the fault at the time. Nearer in time to the earth 

quake were three periods of anomalous activity, 16 June to 30 June, 

17 July to 28 July, and 4 August to 16 August in the south, central 

and northern sections of the Dragon Gate Mountain fault belt, 

respectively. Many types of anomalies as described above, were 

reported with 192 reports in the first period, 133 reports in the 

second and 866 reports in the third. (Abnormal behavior by large 

animals appeared only in the last period.) Thus the anomalies 

moved up this auxilary fault towards the eventual epicenters and 

increased in number as the time of the earthquake approached. Two 

days before the earthquake anomalies along this fault almost 

completely ceased. (This was in spite of the fact that because 

of the previous anomalies, the area targetted with imminent pre 

diction issued on August 12 included the central Long Men Shan 

belt which would presumably make the local observation groups 

especially observant.) At that time, anomalies appeared for the 

first time since the fall of 1975 in the immediate epicentral area 

and continued to increase until the earthquake occurred, with 

more than 100 anomalies reported in that three day period.

One other precursor occurred on a fault other than the Tiger Tooth

fault. Strain data showed an uplift of. the Min Jiang fault, NW 
of the Hi* Ya fault, for several'years prior to the earthquake.

There was a total of 310 mm of uplift along a 40 km long stretch 

of the fault from 1960 to 1975. No data was collected for the 

Tiger Tooth fault itself.



Discussion

From the above data, it appears that during the development 

and occurrence of earthqukes, the regional geologic structures,   

regional stress fields and earthqirifce precursors are all closely 

related.

First, although all of the above earthquakes were controlled 

by the boundary fault systems of the intraplate faulting blocks, 

none of the mainshocks occurred on the major faults themselves but 

rather on secondary faults conjugate to the main fault system, 

responding to the same stress system as the primary faults. It 

could be th&t the complexity of intraplate tectonics allows 

pecularities in regional tectonic conditions to play a large role 

in determining concentrations in the local stress field (and thus 

which fault is most likely to .slip). In an area as complex tec- 

tonicly as northern China, this is a very important consideration.

Second, within a definite fault block area, the tectonic 

activity shares certain characteristics, primarily determined by 

that region's local stress field. Thus, within the area influenced 

by a given stress field, the tectonic activity is regionally deter 

mined and an individual fault cannot be said to be moving independently 

Therefore, besides the mainshock plane itself, on which foreshocks, 

aftershocks and premonitory acitivity occur, other planes in the 

area can be influenced by the regional stress field, be they para 

llel or conjugate to the mainshock plane. Thus it seems that the 

precursor field coul'd be larger than the epicentral area of the 

earthquake by being distributed along faults conjugate to the 

mainshock plane that intersect the epicentral area. Such a distri 

bution of premonitory phenomena is possible for long and medium 

term precursors but is moreclear for short term and imminent pre 

cursors. Looking at the tectonic conditions for an earthquake's 

development and occurrence, these phenomena could be explained by 

considering the stress field, tectonic complexities and seismicity 

of the region. Naturally, in the time immediately prior to an 

earthquake, the premonitory phenomena are overwhelming concentrated 

at the epicenter.

Third, migration of the precursory field is a very important



point. Movement of the field occurred before all three of the

earthquakes in all cases, moving towards the epicentral area

as the earthquake approached - but it is especially clear for the

Somgpan earthquake. It could be that a local concentration of

the regional stress field propagates throught the region - perhaps

increasing in strength - until it is sufficiently strong and in

a sensitive enough area to produce an earthquake.
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Figure Captions

Figure 1. Map of the epicentral area of the Haicheng earthquake 

showing the major faults of the area, the mainshock 

and location of the aftershock zones. The faults are 

numbered 1 - Niuju-youyangou . Fault; 2 - Jinshanling 

Fault; 3 - Shuangtaizi Fault; 4 - Jinzhou Fault; 

5 - Dayanghe Fault; 6 - Ximu River Valley Fault; 

7 - Zhuanghe Fault; 8 - Yalu River Fault.

Figure 2. Map of the epicentral area of the Haicheng earthquake 

showing the mojor faults of the area and the location 

of water anomalies at various times prior to the earth 

quake. Faults numbered as in Figure 1.

Figure 3. Map of the epicentral area of the Tangshan earthquake 

showing the mainshock and major aftershock epicenters 

and electrical and well water precursory anomalies.

Figure 4. Map of the epicentral area of the Songpan earthquake

showing epicenters of the three mainshocks, major faults 

of the area, and the locations of the macroscopic anomaly 

clusters. The June cluster occurred in the (a) area, 

the 17-28 July cluster in (b) and the 4-14 August 

cluster at (c). The faults are numbered: 1/2, and 3 - 

the Long Men Shan Fault Belt; 4 - Huya Fault; 5 - Leishan 

Fault; 6 - Minjiang Fault; 9 - Xianshuihe Fault; 10 - 

Anninghe Fault. Towns and cities are given letters: 

C - Kangding (Guzan nearby); G - Guanxien; H - Minzhu; 

I - Jiangyou; J - Beizhuan; K - Pingwu; L - Songpan.
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